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ABSTRACT OF THE DISSERTATION 
 
  
Harnessing the Reactivity of Strained Intermediates  
and Biosynthetic Machinery 
 
by 
 
Joyann Susan Barber 
Doctor of Philosophy in Chemistry 
University of California, Los Angeles, 2019 
Professor Neil Kamal Garg, Chair 
 
 
 This dissertation describes efforts in strained allene and alkyne methodology, as well as 
collaborative efforts at the interface of organic synthesis and bioengineering to construct complex 
molecules. Strained intermediates, though once only an intellectual curiosity, have proven to be 
useful synthetic building blocks in organic synthesis. This dissertation describes the expansion of 
cyclic allene chemistry to include (3+2) cycloadditions, as well as a greater understanding of the 
reactivities of nitrogen-containing analogs. Additionally, the use of strained alkyne intermediates 
to construct compounds relevant to materials chemistry is explained. Moreover, the synthesis of a 
key biosynthetic precursor for monoterpene indole alkaloids, as well as the combination of 
bioengineering and synthetic chemistry to access complex natural products, is described.  
 iii 
Chapter one describes the first 1,3-dipolar cycloadditions of 1,2-cyclohexadiene, an 
synthetically underutilized strained intermediate. Our approach relies on the slow generation of 
1,2-cyclohexadiene from its silyl triflate precursor and trapping using nitrone partners, allowing 
access to isoxazolidine products. Computational studies provide mechanistic insight into this 
reaction and explain the observed regio- and diastereoselectivity trends. Moreover, the 
manipulation of the isoxazolidine products demonstrates the utility of strained allene intermediates 
as synthetic building blocks. 
 Chapter two details an experimental and computational study of azacyclic allenes. This 
includes the synthesis of precursors to several substituted allenes, the trapping of the allenes in 
various cycloadditions, and explanations of the observed selectivities. Additionally, we 
demonstrate that stereochemical information can be transferred via an enantioenriched allene, and 
when taken in combination with the selectivities, highlights that azacyclic allenes can be harnessed 
as valuable synthetic building blocks for complex molecule synthesis. 
 Chapter three describes a modular approach towards polycyclic aromatic hydrocarbon 
(PAH) scaffolds. More specifically, we rely on strained alkyne and aryne intermediates to 
construct these PAH motifs. This study demonstrates underscore the importance of heterocyclic 
strained intermediates to prepare new organic materials.  
 Chapters four and five depict the synergy between chemical synthesis and bioengineering. 
More specifically, chapter four describes the discovery of an enzyme that can promote 
hydroalkoxylation reactions. Chapter five details the engineering of yeast enzymes to access an 
important monoterpene indole alkaloid building block, strictosidine, from its biosynthetic 
precursor, 8-hydroxygeraniol. Additionally, analysis and characterization of the shunt pathways 
present in this transformation are described. 
 iv 
 Chapter six describes the development of a simple procedure to access 8-hydroxygeraniol. 
Our approach allows for large-scale production of this central biosynthetic precursor that should 
help enable biosynthetic studies to thousands of essential monoterpene indole alkaloids.  
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CHAPTER ONE 
 
Nitrone Cycloadditions of 1,2-Cyclohexadiene 
Joyann S. Barber, Evan D. Styduhar, Hung V. Pham, Travis C. McMahon, K. N. Houk, and Neil K. Garg. 
J. Am. Chem. Soc. 2016, 138, 2512–2515. 
 
1.1 Abstract 
We report the first 1,3-dipolar cycloadditions of 1,2-cyclohexadiene, a rarely exploited 
strained allene. 1,2-Cyclohexadiene is generated in situ under mild conditions and trapped with 
nitrones to give isoxazolidine products in synthetically useful yields. The reactions occur 
regioselectively, and exhibit a notable endo preference, thus resulting in the controlled formation 
of two new bonds and two stereogenic centers. DFT calculations of stepwise and concerted 
reaction pathways are used to rationalize the observed selectivities. Moreover, the strategic 
manipulation of nitrone cycloadducts demonstrates the utility of this methodology for the assembly 
of compounds bearing multiple heterocyclic units. These studies showcase the exploitation of a 
traditionally avoided reactive intermediate in chemical synthesis. 
 
1.2 Introduction 
The synthesis of heterocycles and natural product scaffolds remains a vital area of study.1,2 
One approach to construct such important compounds involves the use of strained intermediates 
such as benzyne, hetarynes, and cyclic alkynes (1.1–1.6, Figure 1.1).3 Although initially viewed 
as undesirably reactive species several decades ago, these intermediates can now be used to prepare 
medicinally-privileged scaffolds and stereochemically complex natural products.3,4 Likewise, our 
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understanding of the structure and reactivity of arynes and cyclic alkynes has evolved 
considerably.3,4  
 
 
Figure 1.1. Strained intermediates 1.1–1.6, known cycloadditions with 1,2-cyclohexadiene 
(1.7), and nitrone cycloadditions with 1.7 described in the present study. 
  
A less well-studied class of highly-strained intermediates is cyclic allenes, such as 1,2-
cyclohexadiene (1.7, Figure 1). 1,2-Cyclohexadiene (1.7) was first reported by Wittig in 1966,5 
but has seen little synthetic use since, especially compared to its aryne and alkyne counterparts.  
Seminal efforts include theoretical studies,6 and the two C–C bond forming reactions: [2+2]6a,6c,7 
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and [4+2]6a,6d,7c,7d,7e,8 cycloadditions to form products such as 1.8 and 1.9, respectively. These 
transformations hint at the potential utility of 1.7 as a versatile synthetic building block, but no 
other cycloadditions involving 1.7 have been reported.  
We now report the first dipolar cycloadditions of 1,2-cyclohexadiene, which allow for a 
facile entryway to isoxazolidine products (Figure 1.1, 1.7 + 1.10 à 1.11). The resulting products 
contain significant sp3-character9 and are obtained with high regio- and diastereoselectivities.  
Computational studies suggest that stepwise and concerted reaction pathways are operative in the 
cycloadditions and predict the observed selectivity trends. 
 
1.3 Nitrone Cycloaddition Optimization 
We initiated our study toward the trapping of 1,2-cyclohexadiene (1.7) by first accessing a 
suitable precursor that could allow for allene generation in situ. Encouraged by Guitián’s synthesis 
of a trimethylsilyl triflate precursor to 1.7,7e which was used in Diels–Alder cycloadditions, we 
prepared the new triethylsilyl triflate species 1.12,10 which proved more readily accessible and 
could be obtained in gram quantities.11 We initially surveyed the reaction of silyl triflate 1.12 with 
5 equivalents of commercially available nitrone 1.13 using different fluoride sources at ambient 
temperature (Table 1.1). Although the use of TBAF gave low yields of cycloadduct 1.14 (entry 1), 
KF/18-crown-6 gave more promising results (entry 2). Additionally, the use of CsF cleanly gave 
product 1.14 in modest yield, although the remainder of the mass was unreacted silyl triflate 12 
(entry 3). In all cases, it should be noted that 1.14 was formed regioselectively and in 
approximately 9:1 dr, with the major product being the endo isomer (1.14a). For practical reasons, 
we elected to further pursue the use of CsF and ultimately found that the reaction proceeded 
smoothly at elevated temperatures and higher concentration (entries 4 and 5) to give cycloadduct 
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1.14 in 4 h (entry 5; compared to 3 d for entry 3). Finally, to probe the necessary stoichiometry, 
we tested the cycloaddition using just 1 equivalent of nitrone 1.13. We were delighted to find that 
cycloadduct 1.14 could be formed in comparable yields under these conditions (entry 6). 
 
Table 1.1. Optimization of nitrone cycloaddition. 
 
a Yields and diastereomeric ratios were determined by 1H NMR analysis of the 
crude reaction mixture using 1,3,5-trimethoxybenzene as an external standard. 
 
1.4 Reaction Scope of Nitrone Cycloaddition 
Having identified suitable reaction conditions, we assessed the scope of the methodology 
by varying the nitrone component and evaluating isolated yields and diastereoselectivities (Figure 
1.2). All reactions were performed using CsF at 80 °C and either 1 or 2 equivalents of the nitrone 
trapping agent, as indicated.12 In addition to the parent experiment, which gave 1.14 in 88% yield 
and roughly 9:1 dr, we were delighted to find that nitrones derived from acetaldehyde and 
pivaldehyde could be employed to give products 1.15 and 1.16, respectively. Nitrones derived 
from aldehydes bearing heterocycles were also tested.  As shown by the formation of products 
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1.17–1.21, furan, thiophene, thiazole, quinoline,13 and indole heterocycles are tolerated in this 
methodology.  Finally, several nitrones prepared from ketone or cyclic amine precursors were 
tested, resulting in isoxazolidines 1.22–1.24.14   
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Conditions unless otherwise stated: silyl triflate (1.0 equiv), nitrone (1.0 
equiv), CsF (5.0 equiv), and CH3CN (0.1 M) at 80 °C. The yields reflect the 
average of two isolation experiments. aNitrone (2.0 equiv) was used. bNitrone 
(2.0 equiv) and THF (0.1 M) at 60 °C were used. 
 
Figure 1.2. Scope of reaction methodology.  
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1.5 Mechanistic Insight for Nitrone Cycloaddition 
DFT calculations were performed to assess mechanistic aspects of the 1,2-cyclohexadiene 
/ nitrone cycloaddition.15 We investigated both the regio- and diastereoselectivity of the 
cycloaddition.  Although Diels-Alder and (2+2) cycloadditions of 1,2-cyclohexadiene (1.7) have 
been studied computationally, no reports of (3+2) cycloadditions of 1.7 are available. We assessed 
pathways that could lead to either of two possible constitutional isomers, in addition to all possible 
stereoisomers, as summarized in Figure 3. Cycloaddition via pathway A would give diastereomers 
1.25 and 1.26, whereas pathway B would furnish 1.14a and 1.14b. Previous reports with linear 
allenes indicate the plausibility of both pathways. However, consistent with our experimental 
results, computations show that pathway A is disfavored for the reaction of 1.7 and nitrone 1.13.16 
The lower energy pathway involves attack of the central allene carbon (C2) on the nitrone, with 
attack of the nitrone oxygen on C1 (Pathway B). 
 
 
Figure 1.3. DFT calculations (B3LYP/6-31G*) were used to examine regioselectivities and 
diastereoselectivities. 
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To explain the observed diastereoselectivities, we compared the possible transition states 
for the formation of both endo and exo products 1.14a and 1.14b (Figure 1.4). First examining a 
concerted reaction mechanism, we found that the activation energy for the endo reaction is 14.5 
kcal/mol (TS1.1), which presents a plausible pathway for the formation of 1.14a. A concerted exo 
transition state could not be explicitly located; instead diradical transition state TS1.2 always 
resulted, suggesting the concerted exo reaction is higher in energy. As we do observe exo product 
1.14b, we proceeded to examine the stepwise mechanism through TS1.2. We found that diradical 
1.27 can be formed via initial formation of the C–C bond; an intrinsic reaction coordinate scan and 
a nonzero S2 value confirms the diradical nature of this process. From diradical 1.27, cyclization 
furnishes 1.14a or 1.14b (via TS1.3a or TS1.3b); the formation of 1.14a is favored by 1.2 
kcal/mol, which correlates to the observed 9:1 ratio of products. Therefore, we propose that both 
stepwise and concerted mechanisms for cycloaddition are in competition, a phenomenon we have 
previously observed in our studies on Diels–Alder reactions with allenes,17,18 which are known to 
be very reactive and form relatively stable allylic radical intermediates. 
 9 
 
Figure 1.4. DFT calculations (B3LYP/6-31G*) of concerted and stepwise mechanistic pathways. 
 
Regardless of the reaction mechanism, the 1,3-dipolar cycloaddition of 1,2-cyclohexadiene 
occurs quickly with mild heating.  The low ~15 kcal/mol barriers for these reactions, compared to 
the >30 kcal/mol barriers for cycloaddition with linear allenes,17,18 can be attributed to the 
predistortion of 1.7 into geometries near those of the transition states for cycloadditions. The 
optimized structure of 1,2-cyclohexadiene (1.7) and TS1.1 (concerted pathway) are shown in 
Figure 5. Of note, the C1–C2–C3 angle is nearly identical in both cases (132.8° vs 129.8°).19 Thus, 
only 3° contraction is necessary to reach the transition state geometry. In contrast, linear allenes 
must bend by more than 30° in order to reach their optimal transition state geometries (see Section 
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1.8.3.2 for details). Examples of distortion-accelerated reactions are known20 and explain the 
facility of these reactions with 1,2-cyclohexadiene.  
 
 
Figure 1.5. Comparison of C2 internal angle for 1.7 and TS1.1. 
 
 
1.6 Synthetic Applications of This Methodology 
The nitrone cycloaddition of 1,2-cyclohexadiene (1.7), when used sequentially with other 
transformations, provides new and unique strategies for preparing compounds bearing multiple 
heterocyclic units (Figure 1.6).  For example, isoxazolidine 1.28 was synthesized via a nitrone 
cycloaddition from 1.12. Next, palladium-catalyzed Suzuki–Miyaura cross-coupling21 with 
boronic acid 1.29 afforded product 1.30 in 65% yield. Of note, 1.30 contains three distinct 
heterocycles (i.e., a furan, pyridine, and isoxazolidine). In another example, we questioned if silyl 
triflate 1.12 could be used as a building block for the assembly of polycyclic fused heterocycles, 
such as 1.33. Nitrone cycloaddition with 1.31 furnished isoxazolidine 1.32. Subsequent N–O bond 
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cleavage,22 followed by SNAr cyclization23 gave tricycle 1.33. The conversion of 1.12 to 1.33 
allows for the facile construction of three new bonds and two stereogenic centers. Moreover, the 
two synthetic applications shown in Figure 1.6 showcase how the unusual intermediate 
cyclohexadiene (1.7), despite its high reactivity, can be used to access varying types of polycyclic 
heterocycles in a controlled way. 
 
 
Figure 1.6. Strategic manipulation of nitrone cycloadducts. 
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1.7 Conclusion 
In summary, we have discovered the first 1,3-dipolar cycloadditions of 1,2-cyclohexadiene. 
The transformation involves in situ generation of the strained intermediate under mild conditions, 
and trapping with nitrones to give isoxazolidine products in synthetically useful yields. The 
reactions occur regioselectively, with a notable endo preference, thus resulting in the controlled 
formation of two new bonds and two stereogenic centers. DFT calculations suggest that stepwise 
and concerted reaction pathways are operative in the cycloadditions and predict the observed 
selectivity trends. Moreover, the strategic manipulation of nitrone cycloadducts demonstrates the 
utility of this methodology for the assembly of compounds bearing multiple heterocyclic units. 
These studies are expected to prompt the further exploitation of traditionally avoided reactive 
intermediates in chemical synthesis. 
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1.8 Experimental Section 
1.8.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated 
alumina columns). All commercially obtained reagents were used as received unless otherwise 
specified. Cesium fluoride (CsF), zinc powder (Zn), and 2-dicyclohexylphosphino-2’,6’-
dimethoxybiphenyl (SPhos) were obtained from Strem Chemicals. N-Phenyl-
bis(trifluoromethanesulfonimide) (PhNTf2) and triethylsilyl chloride (TESCl) were obtained from 
Oakwood Products, Inc. N-tert-Butyl-α-phenylnitrone (1.13), N-methylhydroxylamine 
hydrochloride, 3-indolecarboxaldehyde, and palladium (II) acetate were obtained from Alfa Aesar. 
K3PO4 was obtained from Acros Organics. L-Selectride (1 M in THF), N-tert-butylhydroxylamine 
acetate, 2,2,2-trifluoroacetophenone, and 3-furanylboronic acid (1.29) were obtained from Sigma 
Aldrich. 2-Thiazolecaboxaldehyde, 2-quinolinecarboxaldehyde, 6-chloropyridine-3-
carboxaldehyde, and 2-fluoropyridine-3-carboxaldehyde were obtained from Combi-Blocks. 
TESCl and diisopropylamine were distilled over CaH2 prior to use. Reaction temperatures were 
controlled using an IKAmag temperature modulator and, unless stated otherwise, reactions were 
performed at room temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) was 
conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination 
of UV light, anisaldehyde, and potassium permanganate staining. Silicycle Siliaflash P60 (particle 
size 0.040–0.063 mm) was used for flash column chromatography. 1H NMR and 2D-NOESY 
spectra were recorded on Bruker spectrometers (at 500 MHz) and are reported relative to the 
residual solvent signal. Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), 
multiplicity, coupling constant (Hz) and integration. 13C NMR spectra were recorded on Bruker 
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spectrometers (at 125 MHz) and are reported relative to the residual solvent signal. Data for 13C 
NMR spectra are reported in terms of chemical shift and, when necessary, multiplicity, and 
coupling constant (Hz). 19F NMR spectra were recorded on Bruker spectrometers (at 282 MHz) 
and reported in terms of chemical shift (δ ppm). IR spectra were obtained on a Perkin-Elmer UATR 
Two FT-IR spectrometer and are reported in terms of frequency of absorption (cm-1). Uncorrected 
melting points were measured using a Digimelt MPA160 melting point apparatus. High resolution 
mass spectra were obtained on a Waters Micromass LCT Premier TOF Mass Spectrometer 
(Waters) equipped with a ZSpray source for electrospray ionization (ESI) and a time-of-flight 
(TOF) analyzer. The instrument was controlled by Waters MassLynx 4.0. The analyte was injected 
as a solution using CH2Cl2 as the solvent. DART-MS spectra were collected on a Thermo Exactive 
Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface 
(IonSense Inc.). Both the source and MSD were controlled by Excalibur software v. 3.0.  The 
analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CDCl3 as the solvent. 
Ionization was accomplished using UHP He (Airgas Inc.) plasma with no additional ionization 
agents.  The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion 
calibration solutions (Thermo Fisher Scientific).  
 
 
 
 
 
 
 
 15 
1.8.2 Experimental Procedures 
1.8.2.1 Synthesis and Initial Trapping of 1,2-Cyclohexadiene Precursor 
 
Silyl enone 1.35. To a solution of vinyl bromide 1.34 (prepared according to previously reported 
procedure,7e 3.0 g, 13.7 mmol, 1.0 equiv) in THF (68.5 mL) at –78 °C was added n-BuLi (2.5 M 
in hexanes, 6.6 mL, 16.4 mmol, 1.2 equiv) dropwise over 20 min. The reaction was stirred at –78 
°C for 30 min, then a solution of TESCl (4.61 mL, 27.4 mmol, 2.0 equiv) in THF (9 mL) was 
added dropwise over 40 min. The reaction was maintained at –78 °C for 40 min before allowing 
to warm to room temperature. The reaction was then quenched by the addition of an aqueous 1.0 
M solution of HCl (15 mL). The layers were separated and the aqueous layer was extracted with 
EtOAc (3 x 25 mL). The combined organic layers were dried over MgSO4, filtered, and 
concentrated in vacuo to provide the crude product, which was purified by flash chromatography 
(100:1 → 50:1 → 20:1 hexanes:EtOAc) to afford silyl enone 1.35 as a colorless oil (2.7 g, 93% 
yield). Silyl enone 1.35: Rf  0.73 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.14 (t, J = 
4.0, 1H), 2.41–2.33 (m, 4H), 2.02–1.94 (m, 2H) 0.90–0.86 (m, 9H), 0.70–0.63 (m, 6H); 13C NMR 
(125 MHz, CDCl3): δ 202.9, 159.6, 139.2, 38.8, 27.6, 23.0, 7.5, 3.0; IR (film): 2951, 2873, 1666, 
1333, 723 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H23OSi, 211.1518; found 211.1527.   
 
 
Br
O
O
i.   n-BuLi (1.2 equiv)
     THF, –78 °C
ii.  TESCl (2.0 equiv)
     THF, –78 → 23 °C
iii. 1M HCl SiEt3
O
(93% yield)1.34 1.35
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Silyl ketone 1.36. To a solution of silyl enone 1.35 (1.0 g, 4.76 mmol, 1.0 equiv) in THF (23.8 
mL) at –78 °C was added L-selectride (4.8 mL, 4.81 mmol, 1.01 equiv) dropwise over 15 min. 
The reaction was stirred at –78 °C for 30 min, then quenched by the addition of a saturated aqueous 
solution of NH4Cl (20 mL) and allowed to warm to room temperature. The layers were separated 
and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined organic layers were 
dried over MgSO4, filtered, and concentrated in vacuo to provide the crude product, which was 
purified by flash chromatography (100% hexanes → 20:1 hexanes:EtOAc) to afford silyl ketone 
1.36 as a colorless oil (0.9 g, 91% yield). Silyl ketone 1.36: Rf  0.43 (9:1 hexanes:EtOAc); 1H NMR 
(500 MHz, CDCl3): δ 2.37 (m, 2H), 2.26–2.18 (m, 1H), 1.97–1.89 (m, 3H), 1.75–1.62 (m, 3H), 
0.95 (t, J = 7.9, 9H), 0.64 (q, J = 7.7, 6H); 13C NMR (125 MHz, CDCl3): δ 213.2, 42.1, 41.6, 26.6, 
25.3, 23.9, 7.6, 3.4; IR (film): 2947, 2938, 2875, 1683, 1007 cm–1; HRMS-APCI (m/z) [M + H]+ 
calcd for C12H25OSi, 213.1669; found 213.1667.   
 
 
Silyl triflate 1.12. To a solution of diisopropylamine (2.42 mL, 17.3 mmol, 1.1 equiv) in THF (27 
mL) at –78 °C was added n-BuLi (2.07 M in hexanes, 8.0 mL, 16.5 mmol, 1.05 equiv) dropwise 
over 25 min. The reaction was stirred at –78 °C for 10 min, then allowed to warm to room 
temperature. After stirring for 20 min at room temperature, the reaction mixture was cooled back 
to –78 °C and a solution of silyl ketone 1.36 (3.33 g, 15.7 mmol, 1.0 equiv) in THF (23 mL) was 
SiEt3
O L-selectride (1.01 equiv)
    
THF, –78 °C
(91% yield)
SiEt3
O
1.35 1.36
SiEt3
O i.   LDA (1.05 equiv)     THF (0.216 M), –78 → 23 °C
ii. PhNTf2 (1.05 equiv)
    THF, –78 → 23 °C
(71% yield)
SiEt3
OTf
1.36 1.12
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added dropwise over 1 h and left to stir for 35 min at –78 °C. A solution of PhNTf2 (5.89 g, 16.5 
mmol, 1.05 equiv) in THF (23 mL) was then added dropwise over 30 min. The reaction mixture 
was allowed to warm to room temperature. After 19 h the reaction was quenched upon addition of 
an aqueous solution of 5% (w/w) NaHCO3 (40 mL). The layers were separated and the aqueous 
layer was extracted with Et2O (3 x 50 mL). The combined organic layers were dried over MgSO4, 
filtered, and concentrated in vacuo to provide the crude product, which was purified by flash 
chromatography (100% hexanes) to afford silyl triflate 1.12 as a colorless oil (3.7 g, 71% yield). 
Silyl triflate 1.12: Rf  0.70 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.66–5.63 (m, 
1H), 2.25–2.17 (m, 1H), 2.15–2.02 (m, 2H), 1.99–1.92 (m, 1H), 1.70–1.62 (m, 2H), 1.53–1.45 (m, 
1H), 0.97 (t, J = 7.9, 9H), 0.66 (q, J = 7.9, 6H); 13C NMR (125 MHz, CDCl3): δ 153.2, 118.7 (q, J 
= 320.1), 115.2, 26.1, 25.6, 24.3, 21.4, 7.5, 3.0; IR (film): 2958, 2880, 1673, 1416, 1246 cm–1; 
HRMS-APCI (m/z) [M + NH4]+ calcd for C13H27F3NO3SSi, 362.1433; found 362.1424. 
  
 
Representative Procedure for Initial Cycloaddition Optimization (Cycloaddition of 1 equiv 
nitrone 1.13 and CsF as fluoride source is used as an example). To a stirred solution of silyl 
triflate 1.12 (18.0 mg, 0.054 mmol, 1.0 equiv) and 1.13 (9.6 mg, 0.054 mmol, 1.0 equiv) in CH3CN 
(0.54 mL) was added CsF (41.2 mg, 0.271 mmol, 5.0 equiv). The reaction vessel was sealed and 
placed in a preheated aluminum heating block maintained at 80 °C for 4 h. After cooling to 23 °C, 
the reaction mixture was filtered by passage through a plug of silica gel (EtOAc eluent, 10 mL). 
OTf
SiEt3
(1.0 equiv)
CsF (5.0 equiv)
CH3CN, 80 °C
(84% yield)
1.14
N
t-BuO
Ph
1.12
1.13
O
N t-Bu
Ph H
H
H
 18 
Evaporation under reduced pressure afforded the crude residue and the yield was determined by 
1H NMR analysis with 1,3,5-trimethoxybenzene as an external standard.  
Any modification of the conditions shown in the representative 
 procedure above are specified in Table 1.1. 
 
1.8.2.2 1,2-Cyclohexadiene Trapping Experiments 
Representative Procedure (Preparation of isoxazolidine 1.14 is used as an example).  
 
Isoxazolidine 1.14. To a stirred solution of silyl triflate 1.12 (100.0 mg, 0.299 mmol, 1.0 equiv) 
and 1.13 (53.0 mg, 0.299 mmol, 1.0 equiv) in CH3CN (3.0 mL) was added CsF (227.0 mg, 1.50 
mmol, 5.0 equiv). The reaction vessel was sealed and placed in a preheated aluminum heating 
block maintained at 80 °C for 4 h. After cooling to 23 °C, the reaction mixture was filtered by 
passage through a plug of silica gel (EtOAc eluent, 10 mL). Evaporation under reduced pressure 
yielded the crude residue, which was purified by flash chromatography (1:1 hexanes:benzene) to 
afford isoxazolidine 1.14 as a white solid (88% yield, 8.9:1 dr, average of two experiments). 
Isoxazolidine 1.14: mp 82–84 °C; Rf  0.60 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 
7.53–7.47 (m, 2H), 7.34–7.28 (m, 2H), 7.25–7.20 (m, 1H), 5.42–5.37 (m, 1H), 4.55–4.51 (m, 1H), 
4.41–4.33 (m, 1H), 2.25–2.16 (m, 1H), 2.08–1.94 (m, 2H), 1.87–1.78 (m, 1H), 1.47–1.35 (m, 1H), 
1.34–1.23 (m, 1H), 1.08 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 146.8, 145.2, 128.4, 127.0, 126.9, 
OTf
SiEt3
(1.0 equiv)
CsF (5.0 equiv)
CH3CN, 80 °C
(88% yield)
1.14
N
t-BuO
Ph
1.12
1.13
O
N t-Bu
Ph H
H
H
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117.5, 74.3, 66.1, 58.6, 26.7, 26.2, 24.8, 19.3; IR (film): 2867, 1451, 1354, 1226, 1075 cm–1; 
HRMS-APCI (m/z) [M + H]+ calcd for C17H24NO, 258.1858; found 258.1838.   
 
The structure of 1.14 was verified by 2D-NOESY, as the following interaction was observed: 
 
Any modifications of the conditions shown in this representative procedure are specified in 
the following schemes, which depict all of the results shown in Figure 1.2. Diastereomeric ratios 
were determined by 1H NMR of the crude reaction mixtures.  
 
 
Isoxazolidine 1.15. Purification by flash chromatography (19:1 → 9:1 hexanes:EtOAc) afforded 
1.15 as a white amorphous solid (63% yield, 11.4:1 dr, average of two experiments). Isoxazolidine 
1.15: Rf  0.47 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.42–5.38 (m, 1H), 4.25–4.18 
(m, 1H), 3.64–3.57 (m, 1H), 2.17–2.10 (m, 1H), 2.08–1.95 (m, 2H), 1.85–1.78 (m, 1H), 1.49–1.36 
(m, 1H), 1.25 (d, J = 6.5, 3H), 1.22–1.14 (m, 1H), 1.10 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 
146.6, 115.9, 73.3, 58.4, 57.4, 26.8, 26.0, 25.8, 24.4, 19.3, ; IR (film): 2971, 2866, 1361, 1212, 
1064 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C12H22NO, 196.1701; found 196.1693.   
1.14
O
N t-Bu
H
H
H
OTf
SiEt3
(2.0 equiv)
CsF (5.0 equiv)
CH3CN, 80 °C
(63% yield)
1.15
N
t-BuO
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1.12
1.37
O
N t-Bu
Me H
H
H
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The structure of 1.15 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Isoxazolidine 1.16. Purification by flash chromatography (20:1 hexanes:EtOAc) afforded 1.16 as 
a white solid (76% yield, >20:1 dr, average of two experiments). Isoxazolidine 1.16: mp 66–68 
°C; Rf  0.45 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.44–5.40 (m, 1H), 4.23–4.16 
(m, 1H), 3.20–3.17 (m, 1H), 2.15–2.07 (m, 2H), 2.07–1.98 (m, 1H), 1.84–1.77 (m, 1H), 1.50–1.39 
(m, 1H), 1.34–1.25 (m, 1H), 1.04 (s, 9H), 0.92 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 143.2, 
120.3, 76.1, 71.4, 59.7, 34.4, 28.1, 27.3, 27.2, 25.1, 19.3; IR (film): 2951, 2867, 1477, 1361, 1220 
cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H28NO, 238.2171; found 238.2153.   
 
The structure of 1.16 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazolidine 1.17. Purification by preparative thin layer chromatography (9:1 hexanes:EtOAc) 
afforded 1.17 as a white solid (67% yield, 12.7:1 dr, average of two experiments). Isoxazolidine 
1.17: mp 48–49 °C; Rf  0.65 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.33 (dd, J = 
1.8, 0.9, 1H), 6.29 (dd, J = 3.2, 1.8, 1H), 6.23 (d, J = 3.1, 1H), 5.55–5.51 (m, 1H), 4.65–4.60 (m, 
1H), 4.40–4.34 (m, 1H), 2.22–2.16 (m, 1H), 2.08–2.02 (m, 2H), 1.87–1.80 (m, 1H), 1.52–1.42 (m, 
1H), 1.30–1.22 (m, 1H), 1.11 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 156.3, 143.1, 141.8, 118.5, 
110.3, 105.9, 74.3, 60.0, 58.9, 26.6, 25.9, 24.9, 19.2; IR (film): 2935, 2867, 1361, 1077, 728 cm–
1; HRMS-APCI (m/z) [M + H]+ calcd for C15H22NO2, 248.1650; found 248.1625.   
 
The structure of 1.17 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazolidine 1.18. Purification by preparative thin layer chromatography (100% benzene) 
afforded 1.18 as a white solid (77% yield, 11.9:1 dr, average of two experiments). Isoxazolidine 
1.18: mp 101–103 °C; Rf  0.55 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.17 (dd, J = 
5.0, 1.2, 1H), 6.97–6.95 (m, 1H), 6.93, (dd, J = 5.0, 3.5, 1H), 5.53–5.49 (m, 1H), 4.85–4.81 (m, 
1H), 4.40–4.33, (m, 1H), 2.22–2.16 (m, 1H), 2.06–2.01 (m, 2H), 1.86–1.78 (m, 1H), 1.48–1.37 
(m, 1H), 1.32–1.23 (m, 1H), 1.12 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 150.1, 145.5, 126.7, 
124.3, 121.9, 118.1, 73.7, 61.9, 58.9, 26.5, 26.1, 24.8, 19.2; IR (film): 2974, 2928, 2834, 1363, 
1208 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H22NOS, 264.1422; found 264.1401. 
 
The structure of 1.18 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazolidine 1.19. Purification by flash chromatography (15:1 hexanes:EtOAc) afforded 1.19 as 
a white solid (88% yield, 8.4:1 dr, average of two experiments). Isoxazolidine 1.19: mp 83–85 °C; 
Rf  0.29 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.69 (d, J = 3.3, 1H), 7.23 (d, J = 
3.3, 1H), 5.78–5.73 (m, 1H), 5.01–4.95 (m, 1H), 4.37–4.30 (m, 1H), 2.23–2.16 (m, 1H), 2.08–2.00 
(m, 2H), 1.86–1.77 (m, 1H), 1.45–1.34 (m, 1H), 1.33–1.23 (m, 1H), 1.12 (s, 9H); 13C NMR (125 
mHz, CDCl3) δ 176.0, 142.84, 142.79, 120.0, 119.5, 73.5, 64.1, 59.1, 26.4, 26.0, 24.9, 19.1; IR 
(film): 2939, 1500, 1366, 1212, 1077 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H21N2OS, 
265.1375; found 265.1356. 
 
  
Isoxazolidines 1.20 and 1.43. Purification by preparative thin layer chromatography (5:1 
hexanes:EtOAc) provided 1.20 as a white solid and 1.43 as a yellow amorphous solid (92% yield, 
2.5:1 dr, average of two experiments). Isoxazolidine 1.20: mp 108–111 °C; Rf 0.43 (9:1 
hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.11 (d, J = 8.6, 1H), 8.07 (d, J = 8.5, 1H), 7.88 
(d, J = 8.6, 1H), 7.78 (d, J = 7.6, 1H), 7.69 (ddd, J = 7.0, 1.4, 1.4, 1H), 7.52–7.47 (m, 1H), 5.62–
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5.57 (m, 1H), 4.95–4.89 (m, 1H), 4.49–4.42 (m, 1H), 2.26–2.20 (m, 1H), 2.08–1.98 (m, 1H), 1.98–
1.90 (m, 1H), 1.87–1.80 (m, 1H), 1.47–1.36 (m, 1H), 1.36–1.27 (m, 1H), 1.10 (s, 9H); 13C NMR 
(125 MHz, CDCl3): 164.0, 147.3, 145.0, 136.5, 129.4, 128.9, 127.6, 127.5, 126.0, 120.1, 119.2, 
74.6, 68.7, 58.7, 26.5, 25.9, 24.7, 19.1;  IR (film): 2947, 1598, 1504, 1360, 1221 cm–1; HRMS-
APCI (m/z) [M + H]+ calcd for C20H25N2O, 309.1961; found 309.1953. Isoxazolidine 1.43: Rf 0.32 
(9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.12 (d, J = 8.8, 1H), 8.06 (d, J = 8.4, 1H), 
7.80 (dd, J = 8.1, 1.3, 1H), 7.76 (d, J = 8.6, 1H), 7.69 (ddd, J = 8.4, 7.0, 1.5, 1H), 7.52 (ddd, J = 
8.1, 6.9, 1.1, 1H), 5.10–5.06 (m, 1H), 4.97–4.93 (m, 1H), 4.54–4.48 (m, 1H), 2.26–2.20 (m, 1H), 
2.02–1.94 (m, 1H), 1.90–1.79 (m, 2H), 1.53–1.44 (m, 1H), 1.33–1.25 (m, 1H), 1.15 (s, 9H); 13C 
NMR (125 MHz, CDCl3): 163.2, 147.1, 145.3, 136.7, 129.4, 129.0, 127.8, 127.7, 126.3, 120.9, 
120.4, 76.5, 67.4, 61.1, 28.0, 26.3, 24.5, 19.2;  IR (film): 2971, 2946, 2866, 1503, 824 cm–1; 
HRMS-APCI (m/z) [M + H]+ calcd for C20H25N2O, 309.1961; found 309.1954. 
 
The structure of 1.20 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
1.20
O
N t-Bu
H
H
N
H
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Isoxazolidine 1.21. Purification by preparative thin layer chromatography (100% benzene) 
provided 1.21 as a colorless amorphous solid (83% yield, 12.2:1 dr, average of two experiments). 
Isoxazolidine 1.21: mp 65–67 °C; Rf 0.34 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 
7.97 (d, J = 8.2, 1H), 7.79 (d, J = 7.9, 1H), 7.71 (d, J = 8.3, 2H), 7.67 (s, 1H), 7.30 (app t, J = 7.4, 
1H), 7.23 (app t, J = 7.5, 1H), 7.17 (d, J = 8.3, 2H), 5.52–5.45 (m, 1H), 4.81–4.73 (m, 1H), 4.43–
4.34 (m, 1H), 2.32 (s, 3H), 2.23–2.16 (m, 1H), 2.05–1.89 (m, 2H), 1.84–1.76 (m, 1H), 1.42–1.23 
(m, 2H), 1.05 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 144.9, 144.8, 136.0, 135.4, 129.8, 129.4, 
126.9, 126.5, 124.8, 123.9, 123.1, 120.7, 117.6, 114.1, 74.1, 58.7, 58.6, 26.6, 25.9, 24.9, 21.7, 19.2;  
IR (film): 2937, 1445, 1363, 1187, 1095 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 
C26H31N2O3S, 451.2055; found 451.2022. 
 
The structure of 1.21 was verified by 2D-NOESY, as the following interactions were observed: 
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Isoxazolidine 1.22. Purification by preparative thin layer chromatography (9:1 hexanes:EtOAc) 
provided 1.22 as a white solid (62% yield, 4.9:1 dr, average of two experiments). Isoxazolidine 
1.22: mp 56–58 °C; Rf 0.38 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.58–7.55 (m, 
2H), 7.34–7.29 (m, 2H), 7.23 (t, J = 7.31, 1H), 5.65–5.61 (m, 1H), 4.21–4.09 (m, 1H), 2.60 (s, 
3H), 2.25–2.13 (m, 3H), 1.91–1.83 (m, 1H), 1.53–1.46 (m, 1H), 1.44 (s, 3H), 1.33–1.24 (m, 1H); 
13C NMR (125 MHz, CDCl3, 12 of 13 observed): 147.4, 128.3, 127.1, 126.4, 119.3, 76.3, 70.5, 
40.7, 29.5, 24.6, 21.9, 19.5;  IR (film): 2939, 2862, 1446, 763, 699 cm–1; HRMS-APCI (m/z) [M 
+ H]+ calcd for C15H20NO, 230.1545; found 230.1535. 
 
The structure of 1.22 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazolidine 1.23. Purification by preparative thin layer chromatography (9:1 hexanes:EtOAc) 
provided 1.23 as a white solid (80% yield, 6.2:1 dr, average of two experiments). Isoxazolidine 
1.23: mp 60–62 °C; Rf 0.48 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.70–7.64 (m, 
2H), 7.40–7.35 (m, 3H), 5.96–5.92 (m, 1H), 4.54–4.47 (m, 1H), 2.62 (app d, J = 1.1, 3H), 2.33–
2.25 (m, 1H), 2.24–2.18 (m, 2H), 2.01–1.94 (m, 1H), 1.64–1.55 (m, 1H), 1.45–1.36 (m, 1H); 13C 
NMR (125 MHz, CDCl3, 12 of 13 observed): 141.3, 134.2, 128.9, 128.7 (q, J = 2.0), 128.4, 125.6 
(q, J = 288.3), 124.7 (q, J = 1.7), 75.2, 40.8, 26.6, 25.0, 19.1;  19F NMR  (282 MHz, CDCl3): δ –
68.2; IR (film): 2947, 2870, 1267, 1157, 1136 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 
C15H17F3NO, 284.1257; found 284.1230. 
 
The structure of 1.23 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazoline 1.24. Purification by flash chromatography (5:1→1:2 hexanes:EtOAc) provided 1.24 
as a white amorphous solid (71% yield, 9.3:1 dr, average of two experiments). Isoxazolidine 1.24: 
Rf 0.11 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.57–5.52 (m, 1H), 4.35–4.28 (m, 
1H), 4.12–4.07 (m, 1H), 3.29–3.22 (m, 1H), 3.22–3.15 (m, 1H), 2.13–2.07 (m, 1H), 2.07–2.02 (m, 
3H), 1.88–1.78 (m, 2H), 1.76–1.64 (m, 2H), 1.54–1.41 (m, 1H), 1.27–1.18 (m, 1H); 13C NMR (125 
MHz, CDCl3): 145.6, 118.2, 73.4, 67.2, 57.7, 32.9, 27.2, 25.3, 24.7, 19.7; IR (film): 2938, 2865, 
1449, 1052, 1025 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C10H16NO, 166.1232; found 
166.1221. 
 
The structure of 1.24 was verified by 2D-NOESY, as the following interaction was observed: 
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1.8.2.3 Preparation of Nitrones 
Representative Procedure (Preparation of nitrone 1.41 is used as an example). 
 
Nitrone 1.41. To a stirred solution of N-(tert-butyl)hydroxylamine acetate (300.0 mg, 2.01 mmol, 
1.0 equiv), NaHCO3 (338.0 mg, 4.03 mmol, 2.0 equiv), and Na2SO4 (572.0 mg, 4.03 mmol, 2.0 
equiv) in toluene (2.0 mL) was added 2-thiazolecarboxaldehyde (0.212 mL, 2.42 mmol, 1.2 equiv). 
The reaction vessel was sealed and placed in a preheated aluminum heating block maintained at 
110 °C for 3.5 h. After cooling to 23 °C, the reaction mixture was filtered by passage through sand 
(CH2Cl2 eluent, 10 mL). Evaporation under reduced pressure yielded the crude residue, which was 
then purified by flash chromatography (500:100:100:7 → 300:100:100:5 
hexanes:Et2O:CH2Cl2:NEt3) to afford 1.41 as a tan solid (93% yield). Nitrone 1.41: mp 47–49 °C; 
Rf  0.27 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.40 (s, 1H), 8.04 (d, J = 3.1, 1H), 
7.45 (d, J = 3.1, 1H), 1.64 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 157.6, 144.1, 127.1, 120.3, 
70.7, 28.2; IR (film): 3104, 3039, 2973, 1546, 1322 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 
C8H13N2OS, 185.0749; found 185.0733.   
 
Note: Supporting information for the syntheses of nitrones 1.37,24 1.38,25 1.39,26 1.40,27 1.45,28 
and 1.4729 have previously been reported.  
 
Any modifications of the conditions shown in this representative procedure are specified in the 
following schemes. 
NaHCO3 (2.0 equiv)
 Na2SO4 (2.0 equiv) 
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Nitrone 1.42. Purification by flash chromatography (5:1:1 → 3:1:1 hexanes:Et2O:CH2Cl2) 
afforded 1.42 as a yellow solid (90% yield). Nitrone 1.42: mp 77–79 °C; Rf  0.47 (1:1 
hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.24 (d, J = 8.6,1H), 8.25 (d, J = 8.7, 1H), 8.06 
(s, 1H), 8.04 (dd, J = 8.5, 0.9, 1H), 7.84 (dd, J = 8.3, 1.3, 1H), 7.72 (ddd, J = 8.5, 7.0, 1.5, 1H), 
7.56 (ddd, J = 8.1, 7.0, 1.3, 1H), 1.68 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 151.0, 148.0, 136.8, 
132.0, 129.8, 129.2, 128.3, 127.6, 127.1, 121.2, 72.2, 28.4; IR (film): 2971, 1554, 1356, 1192, 
1100 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C14H17N2O, 229.1341; found 229.1320.   
 
 
Nitrone 1.44. Purification by flash chromatography (5:1:1 → 3:1:1 hexanes:Et2O:CH2Cl2 with 1% 
NEt3) afforded 1.44 as a white solid (92% yield). Nitrone 1.44: mp 142–144 °C; Rf  0.45 (1:1 
hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.38 (s, 1H), 8.06 (app d, J = 8.4, 1H), 7.88–7.84 
(m, 3H), 7.57 (app d, J = 7.9, 1H), 7.39–7.35 (m, 1H), 7.31–7.27 (m, 1H), 7.22, (d, J = 8.1, 2H), 
2.33 (s, 3H), 1.64 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 145.3, 135.3, 134.4, 130.1, 128.8, 127.3, 
125.4, 123.5, 121.6, 118.3, 114.1, 112.8, 70.1, 28.5, 21.7; IR (film): 2977, 1533, 1448, 1366, 1172 
cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H23N2O3S, 371.1429; found 371.1406.   
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Nitrone 1.46. Purification by flash chromatography (19:1 → 4:1 → 2:1 → 1:1 hexanes:EtOAc) 
afforded 1.46a and 1.46b as a yellow solid (24% yield, 5.1:1 ratio). Nitrones 1.46a and 1.46b were 
characterized and subjected to the cycloaddition as an inseparable mixture of isomers: mp: 43–45 
°C; Rf 0.39 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.56–7.48 (m, major isomer, 
3H), 7.47–7.40 (m, minor isomer, 5H), 7.37–7.31 (m, major isomer, 2H), 4.14–4.10 (m, minor 
isomer, 3H), 3.71–3.66 (m, major isomer, 3H); 13C NMR (125 MHz, CDCl3): δ 131.0, 130.3, 
129.8, 129.6, 129.44, 129.37, 128.9, 128.7, 128.6, 127.9, 126.4, 120.3 (q, J = 275.4), 53.1, 52.9; 
19F NMR (282 MHz, CDCl3): δ –56.5, –64.9; IR (film): 2923, 1564, 1287, 1208, 1130 cm–1; 
HRMS-APCI (m/z) [M + H]+ calcd for C9H9F3NO, 204.0631; found 204.0629.   
 
The structure of 1.46a was verified by 2D-NOESY, as the following interaction was observed: 
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Nitrone 1.48. Purification by flash chromatography (80:20:1 → 50:50:1 hexanes:EtOAc:Et3N) 
afforded 1.48 as a white solid (98% yield). Nitrone 1.48: mp: 102–103 °C; Rf 0.36 (1:1 
hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 9.06 (dd, J = 8.5, 2.3, 1H), 8.80 (d, J = 2.3, 1H), 
7.59 (s, 1H), 7.37 (d, J = 8.5, 1H), 1.62 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 151.6, 150.1, 
137.4, 126.7, 126.0, 124.3, 71.9, 28.4; IR (film): 2979, 1571, 1545, 1447, 1361 cm–1; HRMS-APCI 
(m/z) [M + H]+ calcd for C10H14N2OCl, 213.0789; found 213.0774.   
 
 
Nitrone 1.31. Purification by flash chromatography (9:1 → 4:1 hexanes:EtOAc) afforded 1.31 as 
a white solid (85% yield). Nitrone 1.31: mp: 45–47 °C; Rf 0.55 (1:1 hexanes:EtOAc); 1H NMR 
(500 MHz, CDCl3): δ 9.76–9.71 (m, 1H), 8.18–8.15 (m, 1H), 7.83 (s, 1H), 7.28–7.24 (m, 1H), 1.62 
(s, 9H); 13C NMR (125 MHz, CDCl3): δ 159.9 (d, J = 239.1), 147.3 (d, J = 14.4), 138.2 (d, J = 
2.4), 121.7 (d, J = 4.8), 121.2, 114.8 (d, J = 22.7), 72.1, 28.2; 19F NMR (282 MHz, CDCl3): δ –
71.2; IR (film): 2979, 1557, 1408, 1239, 1138 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 
C10H14FN2O, 197.1085; found 197.1079.   
 
 
NaHCO3 (5.0 equiv)
 Na2SO4 (5.0 equiv) 
CH2Cl2, 23 °C
(98% yield)
HO
H
N
t-Bu
+
1.48
O
N
O t-Bu
(3.0 equiv)
N
N
Cl
Cl
H
H
•AcOH
NaHCO3 (2.0 equiv)
 Na2SO4 (2.0 equiv) 
CH2Cl2, 23 °C
(85% yield)
HO
H
N
t-Bu
+
1.31
O
N
O t-Bu
(1.2 equiv)
N
N
F
F
H
H
•AcOH
 33 
1.8.2.4 Manipulation of Nitrone Cycloadducts 
 
Isoxazolidine 1.28. To a stirred solution of silyl triflate 1.12 (50.0 mg, 0.145 mmol, 1.0 equiv) 
and 1.48 (30.8 mg, 0.145 mmol, 1.0 equiv) in CH3CN (1.5 mL) was added CsF (110.5 mg, 0.727 
mmol, 5.0 equiv). The reaction vessel was sealed and placed in a preheated aluminum heating 
block maintained at 80 °C for 4 h. After cooling to 23 °C, the reaction mixture was filtered by 
passage through a plug of silica gel (EtOAc eluent, 10 mL). Evaporation under reduced pressure 
yielded the crude residue, which was purified by flash chromatography (19:1 hexanes:EtOAc) 
provided 1.28 as a white solid (83% yield, 9.3:1 dr, average of two experiments). Isoxazolidine 
1.28: mp 153–154 °C; Rf 0.30 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.42 (d, J = 
2.3, 1H), 7.85 (dd, J = 8.2, 2.4, 1H), 7.27 (d, J = 7.8, 1H), 5.42–5.40 (m, 1H), 4.55–4.51 (m, 1H), 
4.33–4.27 (m, 1H), 2.22–2.17 (m, 1H), 2.04–2.00 (m, 2H), 1.87–1.80 (m, 1H), 1.45–1.34 (m, 1H), 
1.31–1.22 (m, 1H), 1.06 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 150.2, 148.3, 145.7, 139.8, 137.8, 
124.4, 119.0, 74.4, 63.1, 58.9, 26.6, 26.3, 24.9, 19.3; IR (film): 2970, 1567, 1456, 1362, 1219 cm–
1; HRMS-APCI (m/z) [M + H]+ calcd for C16H22N2OCl, 293.1415; found 293.1392. 
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The structure of 1.28 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Furan 1.30. A 1-dram vial was charged with anhydrous powdered K3PO4 (38.2 mg, 0.180 mmol, 
2.0 equiv) and a magnetic stir bar. The vial and contents were flame-dried under reduced pressure, 
and then allowed to cool under N2. Isoxazolidine 1.28 (26.4 mg, 0.090 mmol, 1.0 equiv), furan-3-
boronic acid (1.29) (15.1 mg, 0.135 mmol, 1.5 equiv), and Pd(OAc)2 (1.0 mg, 0.005 mmol, 5 
mol%) were added, and the vial was flushed with N2. The vial was taken into a glove box and 
charged with SPhos (4.6 mg, 0.011 mmol, 12.5 mol%). Subsequently, toluene (0.225 mL, 0.4 M) 
was added. The reaction vessel was sealed with a Teflon-lined screw cap, removed from the glove 
box, and placed in a preheated aluminum heating block maintained at 100 °C for 22 h. After 
cooling to 23 °C, the mixture was diluted with Et2O (1.0 mL) and filtered by passage through a 
plug of silica gel (Et2O eluent, 10 mL). The filtrate was concentrated and the resulting residue was 
purified by preparative thin layer chromatography (9:1 hexanes:EtOAc) to afford 1.30 as a yellow 
amorphous solid (65% yield). Furan 1.30: Rf 0.38 (9:1 Hexanes:EtOAc); 1H NMR (500 MHz, 
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CDCl3): d 8.61 (d, J = 2.0, 1H), 8.01–7.98 (m, 1H), 7.86 (dd, J = 8.0, 2.2, 1H) 7.48 (t, J = 1.7, 1H), 
7.41 (d, J = 8.1, 1H), 6.89–6.86 (m, 1H), 5.44–5.40 (m, 1H), 4.57–4.53 (m, 1H), 4.38–4.31 (m, 
1H), 2.23–2.17 (m, 1H), 2.07–1.95 (m, 2H), 1.87–1.79 (m, 1H), 1.46–1.34 (m, 1H), 1.32–1.22 (m, 
1H), 1.07 (s, 9H); 13C NMR (125 MHz, CDCl3): d 150.6, 148.3, 146.1, 144.0, 141.1, 138.7, 135.4, 
127.1, 120.1, 118.4, 108.7, 74.4, 63.6, 58.8, 26.6, 26.3, 24.8, 19.2; IR (film): 2971, 2867, 1602, 
1159, 873 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H25N2O2, 325.1916; found 325.1895. 
 
 
Isoxazolidine 1.32. To a stirred solution of silyl triflate 1.12 (50.0 mg, 0.145 mmol, 1.0 equiv) 
and 1.31 (28.5 mg, 0.145 mmol, 1.0 equiv) in CH3CN (1.5 mL) was added CsF (110.5 mg, 0.727 
mmol, 5.0 equiv). The reaction vessel was sealed and placed in a preheated aluminum heating 
block maintained at 80 °C for 2.5 h. After cooling to 23 °C, the reaction mixture was filtered by 
passage through a plug of silica gel (EtOAc eluent, 10 mL). Evaporation under reduced pressure 
yielded the crude residue, which was purified by flash chromatography (19:1 hexanes:EtOAc) 
provided 1.32 as a white solid (87% yield, 6.5:1 dr, average of two experiments). Isoxazolidine 
1.32: mp 86–87 °C; Rf 0.50 (9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.27–8.22 (m, 
1H), 8.06–8.03 (m, 1H), 7.18–7.14 (m, 1H), 5.67–5.63 (m, 1H), 4.89–4.85 (m, 1H), 4.30–4.24 (m, 
1H), 2.21–2.15 (m, 1H), 2.08–1.95 (m, 2H), 1.85–1.77 (m, 1H), 1.42–1.32 (m, 1H), 1.32–1.23 (m, 
1H), 1.06 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 160.8 (d, J = 234.4), 145.4 (d, J = 14.4), 144.3, 
OTf
SiEt3
(1.0 equiv)
CsF (5.0 equiv)
CH3CN, 80 °C
(87% yield)
1.32
N
t-BuO
1.12
1.31
O
N t-Bu
H
H
N
N
F F
H
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139.8 (d, J = 4.8), 127.0 (d, J = 26.3), 121.7 (d, J = 4.8), 118.9 (d, J = 2.4), 74.0, 58.8, 58.0 (d, J 
= 3.2), 26.6, 26.0, 24.8, 19.1; 19F NMR  (282 MHz, CDCl3): δ –73.9; IR (film): 2971, 2867, 2839, 
1603, 1432 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H22FN2O, 277.1711; found 277.1707. 
 
The structure of 1.32 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Alcohol 1.49. A flame-dried vial containing isoxazolidine 1.32 (71.2 mg, 0.26 mmol, 1.0 equiv) 
was taken into a glove box and charged with zinc dust (168 mg, 2.58 mmol, 10.0 equiv). The vial 
was removed from the glove box and acetic acid (0.295 mL, 5.16 mmol, 20.0 equiv), water (0.093 
mL, 5.16 mmol, 20.0 equiv), and CH2Cl2 (2.6 mL, 0.1M) were added. The reaction vessel was 
sealed and left to stir at 23 °C for 21 h. Then, the reaction mixture was diluted with CH2Cl2 (3.0 
mL) and transferred to a separatory funnel with CH2Cl2 (6 mL) and saturated aqueous NH4Cl (8 
mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). 
The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo to 
provide the crude product, which was purified by preparative thin layer chromatography (100% 
1.32
O
N t-Bu
H
H
N
F
H
1.32
O
N t-Bu
H
H
N
F
Zn dust (10.0 equiv)
AcOH (20.0 equiv)
H2O (20.0 equiv)
CH2Cl2, 23 °C
(82% yield)
1.49
OH
HN t-Bu
H
H
N
F
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EtOAc) to afford 1.49 as an amorphous white solid (82% yield). Alcohol 1.49: Rf  0.31 (100% 
EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.12–8.06 (m, 2H), 7.23–7.18 (m, 1H), 5.70–5.66 (m, 
1H), 4.89 (s, 1H), 4.22–4.17 (m, 1H), 2.10–2.01 (m, 1H), 1.95–1.86 (m, 1H), 1.75–1.63 (m, 3H), 
1.46–1.40 (m, 1H), 1.12 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 160.3 (d, J = 238.1), 145.9 (d, J 
= 15.3), 138.83, 138.76 (d, J = 4.7), 128.9, 126.3 (d, J = 27.1), 121.7 (d, J = 4.7), 65.8, 56.0 (d, J 
= 2.4), 52.5, 32.1, 29.8, 25.9, 18.6; 19F NMR (282 MHz, CDCl3): δ –71.4; IR (film): 3340, 2929, 
2864, 1601, 1431 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H24FN2O, 279.1867; found 
279.1864.   
 
 
Tricycle 1.33. To a stirred solution of alcohol 1.49 (50.0 mg, 0.179 mmol, 1.0 equiv) in THF (1.8 
mL, 0.1 M) was added NaH (60% (w/w) in mineral oil, 15.1 mg, 0.377 mmol, 2.1 equiv). The 
reaction vessel was sealed and placed in a preheated aluminum heating block maintained at 50 °C 
for 14 h. After cooling to 23 °C, the reaction mixture was quenched with deionized water (1.0 mL). 
The layers were separated and the aqueous layer was extracted with Et2O (3 x 10 mL). The 
combined organic layers were washed with brine (1 x 10 mL) and dried over MgSO4, filtered, and 
concentrated in vacuo to provide the crude product which was purified by preparative thin layer 
chromatography (4:1 Benzene:CH3CN) to afford 1.33 as an off-white solid (58% yield). Tricycle 
1.33: mp 94–96 °C; Rf  0.55 (4:1 Benzene:CH3CN); 1H NMR (500 MHz, CDCl3): δ 8.05–8.02 (m, 
1H), 7.94–7.90 (m, 1H), 6.87, (dd, J = 7.5, 4.8, 1H), 6.03–5.99 (m, 1H), 4.75–4.71 (m, 1H), 4.47–
4.44 (m, 1H), 2.23–2.13 (m, 2H), 2.13–2.04 (m, 1H), 1.95–1.88 (m, 1H), 1.79–1.70 (m, 1H), 1.70–
NaH (2.1 equiv)
THF, 50 °C
(58% yield)
1.49
O N
NH
t-Bu
H
1.33
N
OH
F
NH
t-Bu
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1.62 (m, 1H), 1.20 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 161.6, 146.9, 137.1, 133.5, 124.7, 
123.5, 117.2, 72.3, 52.8, 50.9, 30.5, 29.2, 25.3, 18.4; IR (film): 2959, 2865, 1557, 1425, 1245 cm–
1; HRMS-APCI (m/z) [M + H]+ calcd for C16H23N2O, 259.1810; found 259.1804.   
 
The structure of 1.33 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
1.8.3 Computational Methods 
1.8.3.1 Complete Citation for Gaussian 09 
All calculations were conducted using the Gaussian 09 package. The complete citation is as 
follows:  
Gaussian 09, Revision D.01, 
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, 
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. 
Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. 
N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. 
S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. 
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, 
O N
NH
H
1.33
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H
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P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, 
J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2013. 
 
1.8.3.2 Evaluating Regioisomers and Cycloadditions with Linear Allenes 
Both Pathway A (leading to regioisomers 1.25 and 1.26) and Pathway B (leading to regioisomers 
1.14a and 1.14b) transition states were studied. Pathway A was found to be higher in energy than 
Pathway B, which is consistent with our observations (i.e., products 1.25 and 1.26 were not 
detected).  
 
 
Figure 1.7. Pathway A and Pathway B endo and exo transition state energies. 
 
Optimized geometries of propadiene (1.50) and 1,3-dimethylpropadiene (1.51) and their nitrone 
cycloaddition transition states were determined. Both allenes must bend by more than 30 degrees 
in order to reach their respective transition state geometries.  
 40 
 
Figure 1.8. Propadienes and their nitrone cycloaddition transition state structures. 
 
1.8.3.3 TS1.1 and TS1.2 Geometries 
The optimized geometries of TS1.1 and TS1.2 were determined. Both transition states require 1,2-
cyclohexadiene (1.7) to undergo a small bend, from 132.8 to 129.8 and 129.5 degrees, respectively. 
 
Figure 1.8. Optimized geometries of TS1.1 and TS1.2. 
 
1.8.3.4 Cartesian Coordinates of the Structures 
Cartesian coordinates for the optimized structures were reported in the literature.30 
147.7° 145.8°
1.50 1.51
1.52 1.53
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1.9 Spectra Relevant to Chapter One: 
 
Nitrone Cycloadditions of 1,2-Cyclohexadiene 
 
Joyann S. Barber, Evan D. Styduhar, Hung V. Pham, Travis C. McMahon, K. N. Houk, and Neil K. Garg. 
J. Am. Chem. Soc. 2016, 138, 2512–2515. 
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Figure 1.10. 1H NMR (500 MHz, CDCl3) of compound 1.35.  
 
Figure 1.11. 13C NMR (125 MHz, CDCl3) of compound 1.35.  
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Figure 1.12. 1H NMR (500 MHz, CDCl3) of compound 1.36.  
 
Figure 1.13. 13C NMR (125 MHz, CDCl3) of compound 1.36. 
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Figure 1.14. 1H NMR (500 MHz, CDCl3) of compound 1.12.  
 
Figure 1.15. 13C NMR (125 MHz, CDCl3) of compound 1.12. 
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Figure 1.16. 1H NMR (500 MHz, CDCl3) of compound 1.14a.  
 
Figure 1.17. 13C NMR (125 MHz, CDCl3) of compound 1.14a. 
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Figure 1.18. 1H NMR (500 MHz, CDCl3) of compound 1.15.  
 
Figure 1.19. 13C NMR (125 MHz, CDCl3) of compound 1.15. 
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Figure 1.20. 1H NMR (500 MHz, CDCl3) of compound 1.16.  
 
Figure 1.21. 13C NMR (125 MHz, CDCl3) of compound 1.16. 
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Figure 1.22. 1H NMR (500 MHz, CDCl3) of compound 1.17.  
 
Figure 1.23. 13C NMR (125 MHz, CDCl3) of compound 1.17.  
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Figure 1.24. 1H NMR (500 MHz, CDCl3) of compound 1.18.  
 
Figure 1.25. 13C NMR (125 MHz, CDCl3) of compound 1.18.  
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Figure 1.26. 1H NMR (500 MHz, CDCl3) of compound 1.19.  
 
Figure 1.27. 13C NMR (125 MHz, CDCl3) of compound 1.19.  
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Figure 1.28. 1H NMR (500 MHz, CDCl3) of compound 1.20. 
 
Figure 1.29. 13C NMR (125 MHz, CDCl3) of compound 1.20. 
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Figure 1.30. 1H NMR (500 MHz, CDCl3) of compound 1.43. 
 
Figure 1.31. 13C NMR (125 MHz, CDCl3) of compound 1.43.  
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Figure 1.32. 1H NMR (500 MHz, CDCl3) of compound 1.21. 
 
Figure 1.33. 13C NMR (125 MHz, CDCl3) of compound 1.21.  
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Figure 1.34. 1H NMR (500 MHz, CDCl3) of compound 1.22. 
 
Figure 1.35. 13C NMR (125 MHz, CDCl3) of compound 1.22.  
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Figure 1.36. 1H NMR (500 MHz, CDCl3) of compound 1.23. 
 
Figure 1.37. 13C NMR (125MHz, CDCl3) of compound 1.23.  
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Figure 1.38. 1H NMR (500 MHz, CDCl3) of compound 1.24. 
 
Figure 1.39. 13C NMR (125 MHz, CDCl3) of compound 1.24.  
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Figure 1.40. 1H NMR (500 MHz, CDCl3) of compound 1.41. 
 
Figure 1.41. 13C NMR (125 MHz, CDCl3) of compound 1.41.  
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Figure 1.42. 1H NMR (500 MHz, CDCl3) of compound 1.42. 
 
Figure 1.43. 13C NMR (125 MHz, CDCl3) of compound 1.42.  
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Figure 1.44. 1H NMR (500 MHz, CDCl3) of compound 1.44. 
 
Figure 1.45. 13C NMR (125 MHz, CDCl3) of compound 1.44.  
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Figure 1.46. 1H NMR (500 MHz, CDCl3) of compounds 1.46a and 1.46b. 
 
Figure 1.47. 13C NMR (125 MHz, CDCl3) of compounds 1.46a and 1.46b.  
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Figure 1.48. 1H NMR (500 MHz, CDCl3) of compound 1.48. 
 
Figure 1.49. 13C NMR (125 MHz, CDCl3) of compound 1.48.  
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Figure 1.50. 1H NMR (500 MHz, CDCl3) of compound 1.31. 
 
Figure 1.51. 13C NMR (125 MHz, CDCl3) of compound 1.31.  
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Figure 1.52. 1H NMR (500 MHz, CDCl3) of compound 1.28. 
 
Figure 1.53. 13C NMR (125 MHz, CDCl3) of compound 1.28.  
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Figure 1.54. 1H NMR (500 MHz, CDCl3) of compound 1.30. 
 
Figure 1.55. 13C NMR (125 MHz, CDCl3) of compound 1.30.  
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Figure 1.56. 1H NMR (500 MHz, CDCl3) of compound 1.32. 
 
Figure 1.57. 13C NMR (125 MHz, CDCl3) of compound 1.32.  
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Figure 1.58. 1H NMR (500 MHz, CDCl3) of compound 1.49. 
 
Figure 1.59. 13C NMR (125 MHz, CDCl3) of compound 1.49.  
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Figure 1.60. 1H NMR (500 MHz, CDCl3) of compound 1.33. 
 
Figure 1.61. 13C NMR (125 MHz, CDCl3) of compound 1.33. 
10 9 8 7 6 5 4 3 2 1 0 ppm
1.
19
9
1.
64
6
1.
65
4
1.
66
2
1.
66
5
1.
67
3
1.
68
0
1.
90
9
1.
91
5
1.
91
8
1.
92
5
2.
09
3
2.
09
9
2.
10
1
2.
10
9
2.
14
4
2.
15
3
2.
16
9
2.
17
6
2.
18
1
2.
18
7
2.
19
2
2.
20
3
2.
20
9
2.
21
4
4.
45
5
4.
72
2
4.
73
0
4.
73
8
6.
00
1
6.
00
6
6.
01
1
6.
01
6
6.
02
1
6.
86
0
6.
86
9
6.
87
4
6.
88
4
7.
91
5
7.
91
8
7.
91
8
7.
92
1
7.
93
0
7.
93
3
7.
93
3
7.
93
6
8.
03
1
8.
03
3
8.
03
4
8.
03
6
8.
04
0
8.
04
2
8.
04
4
8.
04
6
9.
07
0
1.
00
6
1.
01
9
1.
00
6
0.
97
5
2.
10
5
0.
99
6
0.
98
4
1.
00
0
0.
98
6
0.
98
7
0.
96
0
Current Data Parameters
NAME            JB1-294
EXPNO                 4
PROCNO                1
F2 - Acquisition Parameters
Date_          20151118
Time              11.34
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
======== CHANNEL f1 ========
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W
F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
Purified Product, 1H NMR
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
18
.4
3
25
.2
5
29
.2
2
30
.4
6
50
.9
4
52
.8
1
72
.2
9
11
7.
24
12
3.
54
12
4.
67
13
3.
53
13
7.
10
14
6.
86
16
1.
57
Current Data Parameters
NAME            JB1-294
EXPNO                 5
PROCNO                1
F2 - Acquisition Parameters
Date_          20151118
Time              11.47
INSTRUM           av500
PROBHD   5 mm DCH 13C-1
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  243
DS                    2
SWH           31250.000 Hz
FIDRES         0.476837 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
======== CHANNEL f1 ========
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W
======== CHANNEL f2 ========
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W
F2 - Processing parameters
SI               131072
SF          125.7577730 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
Purified Product, 13 C NMR
1.33
H
O N
NH
t-Bu
 68 
1.10 Notes and References 
(1)  In 2013, 15 of the top 20 small molecule pharmaceuticals contain heterocycles. For 
discussions, see: (a) Vitaku, E.; Smith, B. R.; Smith, D. T.; Njardarson, J. T. 
http://njardarson.lab.arizona.edu/sites/njardarson.lab.arizona.edu/files/Top%20US%20Pharm
aceutical%20Products%20of%202013.pdf (accessed December 13, 2015). (b) McGrath, N. A.; 
Brichacek, M.; Njardarson, J. T. J. Chem. Educ. 2010, 87, 1348–1349.  
(2)  Heterocycles are also prevalent motifs in agrochemicals and materials chemistry; see: (a) 
Dinges, J., Lamberth, C., Eds. Bioactive Heterocyclic Compounds Classes: Agrochemicals; 
Wiley-VCH: Weinheim, 2012. (b) Gilchrist, T. L. J. Chem. Soc., Perkin Trans. 1 1999, 2849–
2866. 
(3)  For reviews of arynes and hetarynes, see: (a) Pellissier, H.; Santelli, M. Tetrahedron 2003, 59, 
701–730. (b) Wenk, H. H.; Winkler, M.; Sander, W. Angew. Chem., Int. Ed. 2003, 42, 502–
528. (c) Sanz, R. Org. Prep. Proced. Int. 2008, 40, 215–291. (d) Bronner, S. M.; Goetz, A. E.; 
Garg, N. K. Synlett 2011, 2599–2604.  (e) Tadross, P. M.; Stoltz, B. M. Chem. Rev. 2012, 112, 
3550–3557. (f) Gampe, C. M.; Carreira, E. M. Angew. Chem., Int. Ed. 2012, 51, 3766–3778. 
(g) Bhunia, A.; Yetra, S. R.; Biju, A. T. Chem. Soc. Rev. 2012, 41, 3140–3152. (h) Yoshida, 
H.; Takaki, K. Synlett 2012, 1725–1732. (i) Dubrovskiy, A. V.; Markina, N. A.; Larock, R. C. 
Org. Biomol. Chem. 2013, 11, 191–218. (j) Wu, C.; Shi, F. Asian J. Org. Chem. 2013, 2, 116–
125. (k) Hoffmann, R. W.; Suzuki, K. Angew. Chem., Int. Ed. 2013, 52, 2655–2656. (l) Goetz, 
A. E.; Garg, N. K. J. Org. Chem. 2014, 79, 846–851. (m) Goetz, A. E.; Shah, T. K.; Garg, N. 
K. Chem. Commun. 2015, 51, 34–45. 
(4)  For select recent studies of cyclic alkynes, see: (a) Tlais, S. F.; Danheiser, R. L. J. Am. Chem. 
Soc. 2014, 136, 15489–15492. (b) Medina, J. M.; McMahon, T. C.; Jiménez-Osés, G.; Houk, 
 
 69 
 
K. N.; Garg, N. K. J. Am. Chem. Soc. 2014, 136, 14706–14709. (c) McMahon, T. C.; Medina, 
J. M.; Yang, Y.-F.; Simmons, B. J.; Houk, K. N.; Garg, N. K. J. Am. Chem. Soc. 2015, 137, 
4082–4085. 
(5)  Wittig, G.; Fritze, P. Angew. Chem., Int. Ed. 1966, 5, 846. 
(6)  (a) Bottini, A. T.; Hilton, L. L.; Plott, J. Tetrahedron 1975, 31, 1997–2001. (b) Schmidt, M. 
W.; Angus, R. O.; Johnson, R. P. J. Am. Chem. Soc. 1982, 104, 6838–6839. (c) Wentrup, C.; 
Gross, G.; Maquestiau, A.; Flammang, R. Angew. Chem., Int. Ed. Engl. 1983, 22, 542–543. 
(d) Nendel, M.; Tolbert, L. M.; Herring, L. E.; Islam, M. N.; Houk, K. N. J. Org. Chem. 1999, 
64, 976–983. (e) Hänninen, M. M.; Peuronen, A.; Tuononen, H. M. Chem. Eur. J. 2009, 15, 
7287–7291.  
(7)  (a) Moore, W. R.; Moser, W. R. J. Org. Chem. 1970, 35, 908–912. (b) Bottini, A. T.; Corson, 
F. P.; Fitzgerald, R.; Frost, K. A., II; Tetrahedron 1972, 28, 4883–4904. (c) Christl, M.; 
Schreck, M. Angew. Chem., Int. Ed. Engl. 1987, 26, 449–451. (d) Christl, M.; Fischer, H.; 
Arnone, M.; Engels, B. Chem. Eur. J. 2009, 15, 11266–11272. (e) Quintana, I.; Peña, D.; Pérez, 
D.; Guitián, E. Eur. J. Org. Chem. 2009, 5519–5524.  
(8)  (a) Balci, M.; Jones, W. M. J. Am. Chem. Soc. 1980, 102, 7607–7608. (b) Tolbert, L. M.; Islam, 
M. N.; Johnson, R. P.; Loiselle, P. M.; Shakespeare, W. C. J. Am. Chem. Soc. 1990, 112, 6416–
6417.  
(9)  Another attractive aspect of using 1,2-cyclohexadiene (1.7) as a synthetic intermediate is the 
potential to access sp3-rich heterocycles, especially in comparison to benzyne cycloadducts. 
The synthesis of sp3-rich heterocycles is a current priority area in medicinal chemistry; see: (a) 
Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 52, 6752–6756. (b) Ritchie, T. J.; 
 70 
 
Macdonald, S. J. F. Drug Discov. Today 2009, 14, 1011–1020. (c) Lovering, F. Med. Chem. 
Commun. 2013, 4, 515–519. 
(10) Our efforts to prepare the known trimethylsilyl counterpart of 1.12 were thwarted by 
complications associated with the synthesis and purification of 2-
(trimethylsilyl)cyclohexanone.  
(11) See Section 1.8.2.1 for the synthesis of silyl triflate 1.12. 
(12) In some cases, improved yields were obtained using 2 equiv of the nitrone trapping agent. 
Optimal conditions used for each substrate are indicated.  
(13) The modest dr observed in the formation of 1.20 is currently not well understood.  
(14) We also explored the use of nitrones bearing chiral auxiliaries. Use of Vasella’s mannose-
derived nitrones led to modest dr’s, whereas the use of phenethylamine derivatives gave the 
corresponding cycloadducts in 1.5:1 dr.  For Vasella’s mannose derivative, see: Vasella, A. 
Helv. Chim. Acta 1977, 60, 1273–1295. 
(15) All geometries were optimized using the density functional B3LYP with a 6-31G(d) basis set. 
Free energies were then determined using B3LYP single point calculations with the D3 
correction (with no Becke-Johnson damping) to account for dispersion, in conjunction with the 
larger 6-311+G(d,p) basis set. The conductor-like polarizable continuum model (CPCM) for 
acetonitrile was used to simulate implicit solvent. Minima and transition states were located 
and verified with 0 and 1 imaginary frequencies, respectively. 
(16) Stepwise and concerted reaction mechanisms were evaluated; see Section 1.8.3 for details. 
(17) Schmidt, Y.; Lam, J. K.; Pham, H. V.; Houk, K. N.; Vanderwal, C. D. J. Am. Chem. Soc. 2013, 
135, 7339–7348. 
(18) Pham, H. V.; Houk, K. N. J. Org. Chem. 2014, 79, 8968-8976. 
 71 
 
(19) The C1–C2–C3 angle in the diradical transition state (TS1.2) is very similar as well (i.e., 
129.5°).  
(20) For examples of distortion-accelerated reactions, see: (a) Gordon, C. G.; Mackey, J. L.; Jewett, 
J. C.; Sletten, E. M.; Houk, K. N.; Bertozzi, C. R. J. Am. Chem. Soc. 2012, 134, 9199–9208. 
(b) Lopez, S. A.; Houk, K. N. J. Org. Chem. 2013, 78, 1778–1783. (c) Hong, X.; Liang, Y.; 
Griffith, A. K.; Lambert, T. H.; Houk, K. N. Chem. Sci. 2014, 5, 471-475. 
(21) Billingsley, K.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3358–3366. 
(22) Swift, P. A.; Stagnito, M. L.; Mullen, G. B.; Palmer, G. C.; Ceorgiev, V. S. Eur. J. Med. Chem. 
1988, 23, 465–471. 
(23) Saitton, S.; Kihlberg, J.; Luthman, K. Tetrahedron 2004, 60, 6113–6120. 
(24) Lin, C.-W.; Hong, B.-C.; Chang, W.-C.; Lee, G.-H. Org. Lett. 2015, 17, 2314–2317. 
(25) Reeves, J. T.; Lorenc, C.; Camara, K.; Li, Z.; Lee, H.; Busacca, C. A.; Senanayake, C. H. J. 
Org. Chem. 2014, 79, 5895–5902. 
(26) Andrade, M. M.; Barros, M. T.; Pinto, R. C. Tetrahedron 2008, 64, 10521–10530.  
(27) Voinov, M. A.; Grigor’ev, I. A. Russ. Chem. B+ 2002, 51, 297–305.  
(28) Mullen, G. B.; Bennett, G. A.; Swift, P. A.; Kuipers, W. J.; Georgiev, V. S. Liebigs Ann. Chem. 
1989, 389–392. 
(29) Murahashi, S.-I.; Shiota, T. Tetrahedron Lett. 1987, 28, 2383–2386. 
(30) Barber, J. S.; Styduhar, E. D.; Pham, H. V.; McMahon, T. C.; Houk, K. N.; Garg, N. K. J. Am. 
Chem. Soc. 2016, 138, 2512–2515. 
 
 72 
CHAPTER TWO 
 
Diels–Alder Cycloadditions of Strained Azacyclic Allenes 
Joyann S. Barber,† Michael M. Yamano,† Melissa Ramirez, Evan R. Darzi,  
Rachel R. Knapp, Fang Liu, K. N. Houk, and Neil K. Garg. 
Nat. Chem. 2018, 10, 953–960. 
 
2.1 Abstract 
For over a century, the structures and reactivities of strained organic compounds have 
captivated the chemical community. Whereas triple-bond-containing strained intermediates have 
been well studied, cyclic allenes have received far less attention. Additionally, studies of cyclic 
allenes that bear heteroatoms in the ring are scarce. We report an experimental and computational 
study of azacyclic allenes, which features syntheses of stable allene precursors, the mild generation 
and Diels–Alder trapping of the desired cyclic allenes, and explanations of the observed regio- and 
diastereoselectivities. Furthermore, we show that stereochemical information can be transferred 
from an enantioenriched silyl triflate starting material to a Diels–Alder cycloadduct by way of a 
stereochemically-defined azacyclic allene intermediate. These studies demonstrate that 
heteroatom-containing cyclic allenes, despite previously being overlooked as valuable synthetic 
intermediates, may be harnessed for the construction of complex molecular scaffolds bearing 
multiple stereogenic centers. 
 
2.2 Introduction 
The chemistry of strained organic compounds has long fascinated the scientific 
community. Despite once being only scientific curiosities, small rings containing triple bonds can 
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now be used in a host of applications. Breakthroughs in this area include the synthetic chemistry 
of benzyne (2.1) and cyclohexyne (2.2) (Figure 2.1a), both of which were once controversial 
species.1 To date, both have been utilized in a variety of synthetic applications spanning ligand 
synthesis, natural product synthesis, agrochemistry, and materials science.2,3,4 
Whereas strained cyclic intermediates possessing triple bonds have gained tremendous 
popularity, the corresponding chemistry of cyclic allenes has remained relatively underdeveloped. 
The parent allene, 1,2-cyclohexadiene (2.3, Figure 2.1a), was first accessed by Wittig in 1966.5 
Over the subsequent five decades, the field of cyclic allene chemistry has been largely driven by 
theoretical studies of allene structure and chirality,6,7,8,9,10,11 in addition to studies of cycloaddition 
mechanisms.12 With regard to experiments, various methods to generate cyclic allenes have been 
developed,11,13,14 and subsequently used in cycloaddition methodologies of 1,2-
cyclohexadienes.15,16,17,18,19 Taken together, these studies suggest the potential synthetic utility of 
cyclic allene intermediates.  
A largely untapped branch of cyclic allene chemistry involves those species that contain a 
heteroatom. Such reactive intermediates, despite not being used commonly in synthetic chemistry 
today, were first studied in 1976 (Figure 2.1b). In a seminal discovery, Murata and co-workers 
proposed to have unintentionally accessed cyclic allene 2.4, an isomer of benzooxepine, using a 
Doering–Moore–Scattebøl (DMS) ring expansion of a dihalocyclopropane precursor.20 Despite 
the harsh conditions required for this rearrangement (i.e. organolithium reagents), a [2+2] 
cycloadduct was isolated in 33% yield, thus fueling their hypothesis for the intermediacy of a 
heterocyclic allene. Led by efforts from the Christl laboratory, the generation of several additional 
heterocyclic allenes were reported in the intervening years, such as six-membered cyclic allenes 
2.5–2.8. Oxacyclic allenes 2.5 and 2.6 were first reported by Christl, also using the DMS 
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approach.21,22 Subsequently, the groups of Schlosser23 and Caubère,24 respectively, demonstrated 
that cyclic allene 2.6 could also be obtained by the base-mediated dehydrohalogenation of a 
vinylhalide precursor. With regard to azacyclic allenes, which most closely resemble the chemistry 
described herein, the generation of 1-aza-3,4-cyclohexadiene (2.7) by Christl represents a key 
discovery in the field.25  Also generated by the methylithium-promoted DMS rearrangement, this 
azacyclic allene underwent Diels–Alder cycloadditions and [2+2] cycloadditions, albeit in modest 
synthetic efficiency. More recently, efforts were put forth toward the isomeric 1-aza-2,3-
cyclohexadiene.  Although this was found to be unstable, N-borylation permitted access to 
azacyclic allene 2.8.26  Additional discoveries in this field include the synthesis of a cephalosporin-
derived cyclic allene formation by Elliot and coworkers27,28,29 and several studies pertaining to 
heterocyclic isoarenes.7,30,31,32,33,34,35,36  
With the aforementioned advances in mind, we sought to provide an advance that would 
enable the field of heterocyclic allene chemistry to enter mainstream synthesis.  Notably, all 
previous examples of heterocyclic allene generation require harsh, strongly basic reaction 
conditions and, as a consequence, often suffer from modest reaction yields. Additionally, no 
studies of functionalized heterocyclic allene precursors, either for the sake of synthetic utility or 
for the investigation of reactivity and selectivity, have been reported. As such, we sought to prepare 
compounds of the type 2.9 (Figure 2.1c). If intermediates 2.9 could be generated under mild 
conditions, they would provide a valuable tool to assemble stereochemically-complex derivatives 
of the medicinally-privileged piperidine scaffold. Functionalized piperidines are the most common 
heterocycle seen in medicines,37 so new strategies for their synthesis are highly sought after. 
Moreover, the study of substituted azacyclic allenes would provide opportunities to understand 
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and modulate various aspects of regio- and stereoselectivities using a blend of computations and 
experiments. Computational studies of azacyclic allenes 2.9 have not been reported.  
 
 
Figure 2.1. Survey of strained cyclic intermediates. 
 
We now report (a) the syntheses of several silyl triflate precursors to azacyclic allene 
intermediates, (b) the mild generation and Diels–Alder trapping of the desired cyclic allenes (2.9 
+ 2.10 ® 2.11 + 2.12, Figure 2.1c) to give decorated piperidine products, including some bearing 
quaternary stereocenters, (c) the first examples of [3+2] cycloadditions of any heterocyclic allene, 
and (d) computational studies, including the application of the distortion-interaction model, to 
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explain experimentally observed selectivities. Moreover, we demonstrate that stereochemical 
information can be transferred from an enantioenriched silyl triflate starting material to Diels–
Alder cycloadducts by way of a stereochemically-defined azacyclic allene intermediate.  
 
2.3 Computational Analysis of Azacyclic Allene Structure 
Figure 2.2 provides a comparison of linear allene 2.13 and azacyclic allene 2.14. ωB97XD 
was deemed the most appropriate density functional theory (DFT) method for the cycloaddition 
studies (described below), and was used to optimize the ground state geometries of interest. The 
linear allene C=C bond length is 1.31 Å in 2.13. As expected, the allene p orbitals are orthogonal 
but degenerate. In comparison, the C=C bond length of azacyclic allene 2.14 is only slightly longer 
(1.32 Å), with the internal angle at the central allene carbon being 133°, rather than 180°, as a 
result of the ring constraint. The allene p orbitals are no longer perfectly orthogonal or degenerate 
and the allene CH bonds are twisted out-of-plane, by 42° and 37°, respectively. Azacyclic allene 
2.14 possesses 27.3 kcal/mol of strain energy (see Section 2.9.3.3) due to its distortion from 
linearity, an attribute that facilitates cycloaddition reactions. 
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Figure 2.2. Comparison of geometry-optimized structures of allenes 2.13 and 2.14. 
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we hoped to probe substituent effects on regio- and diastereoselectivities. Silyl triflate 2.19 would 
serve as a precursor to the parent azacyclic allene 2.25. Allenes 2.26 and 2.27, optimistically 
accessible from silyl triflates 2.20 and 2.23, respectively, each bear one additional substituent 
relative to the parent allene 2.25, but with varying electronic properties (i.e., methyl versus ester). 
Lastly, fully substituted allene 2.28 would be derived from silyl triflate 2.24.  
 
 
Figure 2.3. Syntheses of silyl triflates 2.19, 2.20, 2.23, and 2.24. 
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CO2Me
i.  LDA
ii. Mander’s Reagent
i.  NaH 
ii. Tf2O
N
OMe
2.15
CbzN
CO2Me
CbzN
CO2Me
CbzNCbzN
H Me H Me
H H
2.262.25 2.282.27
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experimental protocol, wherein CsF was added to a mixture of a given silyl triflate and a particular 
diene in acetonitrile at ambient temperature, to ultimately afford a variety of cycloadducts. For 
example, we found that unsubstituted allene 2.25 could be generated and trapped by N-
phenylpyrrole (2.29a) to furnish [2.2.1]-azabicycle 2.32 in 77% yield and 4.7:1 dr (entry 1). 
Similarly, oxa-bicycles 2.33 and 2.34 were accessed by trapping of 2.25 with furans 2.30 and 2.31, 
respectively (entries 2 and 3). In all cases, the endo products were formed preferentially. We also 
generated methyl-substituted allene 2.26, which was found to undergo Diels–Alder trapping with 
2.29a, 2.30, and 2.31 (entries 4–6, respectively). In each case, cycloaddition occurred 
regioselectively on the olefin positioned distal to the methyl group, again with notable levels of 
diastereoselectivity. By switching to allene 2.27, bearing an electron-withdrawing ester in place of 
the methyl group in 2.26, we observed a switch in regioselectivity. As shown by the formation of 
2.38–2.40, cycloaddition occurred on the olefin proximal to the ester substituent (entries 7–9, 
respectively). It should be noted that the trapping experiments of allene 2.27 allow for the 
formation of quaternary centers in a controlled manner. Lastly, we examined cycloadditions 
between fully substituted allene 2.28 and dienes 2.29a, 2.30, and 2.31. As seen in entries 10–12, 
the cycloadditions occurred smoothly, giving rise to cycloadducts 2.41–2.43 in 93–95% yield and 
>20:1 dr. Consistent with the regioselectivites seen in the cases of allenes 2.26 and 2.27, 
cycloadditions involving allene 2.28 occur proximal to the ester and distal to the methyl group. 
Moreover, the trapping of 2.28 in Diels–Alder cycloadditions allows for the efficient assembly of 
highly functionalized piperidine scaffolds bearing quaternary stereocenters.  
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Table 2.1. Scope of Diels–Alder cycloadditions of azacyclic allene intermediates 2.25–2.28. 
 
Conditions unless otherwise stated: Silyl triflate substrate (1.0 equiv.), diene (5.0–10.0 equiv.), CsF (5.0 equiv.), 
acetonitrile (0.1 M) at 23 °C. Yields shown reflect the average of two isolation experiments. a The regioisomer of 2.37 
was also observed (ca. 20% yield), resulting from endo cycloaddition on the more substituted olefin of allene 2.26.     
b Pyrrole 2.29b was employed in place of pyrrole 2.29a, as the cycloaddition of 2.29a with 2.27 proceeded in low yield 
for reasons that are not presently understood. 
 
 
CbzN
R’
R’’
CbzN
R’’
R’
or
CbzN
R'
R’’
Entry Allene Diene Products(Yield, dr)
CbzN1
CbzN
2.33
O
H
2.30
2.25
(77% yield, 7.4:1 dr)
2
CbzN
2.34
O
H
2.31
2.25
(82% yield, 13.7:1 dr)
Me
Me
3
CbzN
2.32
N
H
2.29a
2.25
(77% yield, 4.7:1 dr)
Ph
CbzN
CbzN
2.36
2.26
(73% yield, 12.8:1 dr)
Me
4
Me
OH
CbzN
2.37a
2.26
(56% yield, >20:1 dr)
5
Me
OH
Me
Me
CbzN
2.35
2.26
(73% yield, >20:1 dr)
6
Me
NH
Ph
Entry Allene Diene Products(Yield, dr)
CbzN7
CbzN
2.39
O
CO2Me
2.27
(74% yield, >9:1 dr)
8
CbzN
2.40
O
MeO2C
2.27
(95% yield, >20:1 dr)
Me
Me
9
CbzN
2.38
N
CO2Me
2.27
(75% yield, >14:1 dr)
Boc
CbzN
2.42
2.28
(93% yield, >20:1 dr)
Me
10
2.43
2.28
(95% yield, >20:1 dr)
11
2.41
2.28
(95% yield, >20:1 dr)
12
CO2Me
CO2Me
CbzN
R’
R’’
SiEt3
OTf CsF (5.0 equiv)
CH3CN, 23 °C, 4–18 h
*
*
*O
O
PhN
Me
Me
2.30
2.31
2.29bb
O
O
BocN
Me
Me
2.30
2.31
2.29a
O
O
PhN
Me
Me
2.30
2.31
2.29a
O
O
PhN
Me
Me
CbzN O
CO2Me
CbzN O
MeO2C Me
Me
CbzN N
CO2Me
Ph*
*
*
Me
Me
Me
X
X
A
A
A
AX
A
A
+
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Several features of the allene generation and trapping experiments should be emphasized. 
(a) In the absence of CsF, no reaction occurs, even at elevated temperature, which is suggestive of 
allene formation (as opposed to Diels–Alder cycloaddition, followed by silyl triflate elimination). 
(b) All reactions take place at room temperature, thus allowing for azacyclic allene generation 
under exceptionally mild reaction conditions. (c) For all reactions with the exception of the 
formation of 2.37, the opposite regioisomer was not observed. (d) This methodology provides a 
facile, metal-free means to access decorated piperidines, by formation of two new bonds and three 
stereocenters, with high levels of diastereoselectivity. (e) The substituents on the azacyclic allene 
have a profound effect on modulating regioselectivities in the cycloaddition reactions. 
Although not the focus of the current study, it should be noted that azacyclic allene 2.25 
could also be trapped in (3+2) and (2+2) cycloadditions (Table 2.2). For example, an assortment 
of nitrones can be employed as 1,3-dipoles. Whereas prior studies of 1,2-cyclohexadiene nitrone 
cycloadditions were performed optimally at elevated temperatures to accelerate reaction rates,18 in 
the case of azacyclic allene 2.25, reactions proceeded efficiently at ambient temperature (see 
Section 2.9.2.3 for reaction times). Moreover, comparable selectivities were seen in control 
experiments performed at 50 °C. Use of aldehyde-derived nitrone 2.45 provided isoxazolidine 2.46 
(entry 1), whereas trapping with ketone-derived nitrone 2.47 furnished 2.48, bearing a tertiary 
center and trifluoromethyl group (entry 2). When cyclic nitrones 2.49 and 2.51 were utilized, tri- 
and tetracyclic products 2.50 and 2.52 were obtained, respectively (entries 3 and 4). Additionally, 
trapping of the allene intermediate with azomethine imines19 2.53 and 2.55 gave the corresponding 
pyrazolidine products 2.54 and 2.56 (entries 5 and 6). Of note, 2.56 contains three distinct nitrogen-
containing heterocycles: a piperidine, a pyrazolidine, and a pyridine ring. Nitrile oxide19 2.57 was 
also employed as a trapping agent and gave rise to isoxazoline 2.58 in 81% yield. These reactions 
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(entries 1–7) represent the first (3+2) cycloadditions of heterocyclic allenes. Lastly, we attempted 
to utilize olefin 2.59 in a (2+2) cycloaddition. This reaction proceeded smoothly to deliver 
cyclobutane derivative 2.60 in 78% yield as a single isomer. Collectively, the trapping experiments 
of azacyclic allenes shown in Tables 2.1 and 2.2 demonstrate their utility in the rapid generation 
of stereochemically rich hetererocycles.  
 
Table 2.2. (3+2) and (2+2) cycloadditions of azacyclic allene intermediate 2.25.  
 
 
Conditions unless otherwise stated: Silyl triflate 2.19 (1.0 equiv.), trapping agent (1.2–5.0 equiv.), CsF (5.0 equiv.), 
acetonitrile (0.1 M) at 23 °C. Yields shown reflect the average of two isolation experiments.  
CbzN
OTf
SiEt3
CbzN CbzN
Trapping Agent (1.2–5.0 equiv)
CsF (5.0 equiv)
CH3CN, 23 °C, 5–18 h
A
B
CbzN O
N
H
Me
CF3Ph
CbzN O
N
H
t-Bu
Me
CbzN O
N
CbzN N
N
O
Ph
H
Me
Me
Me
Me
Me
Me
N
O
(81% yield)
CbzN O
N
H
H
CbzN O
N
H
H
2.50 2.57
2.54
2.58
CbzN N
N
O
H
2.56
N
CbzN
(78% yield)
2.59 2.60
OEtEtO
OEt
OEt
Entry Trapping Agent Products(Yield, dr)
1
2.48
(85% yield, 5.4:1 dr)
2
(72% yield, 8.3:1 dr)
3
2.462.45
(88% yield, >20:1 dr)
4
(Quantitative yield, 5.3:1 dr)
Entry Trapping Agent Products(Yield, dr)
5
(81% yield, 14.3:1 dr)
6
7
(68% yield, 10.6:1 dr)
8
2.19 2.25 2.44
N
O t-Bu
Me
2.47
N
O Me
Ph CF3
N
O
2.49
N
O
2.522.51
N
N
N
O
2.55
Ph
N
N
O
2.53
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2.6 DFT Calculations 
To learn about the nature of the mechanism (concerted or stepwise) and to understand how 
the methyl and ester groups guide selectivities, DFT calculations were performed for the Diels–
Alder reactions of allenes 2.61 and 2.62 (carbomethoxy was used as a surrogate for the larger 
carboxybenzyl (Cbz) group to simplify computations) reacting with furan (2.30) (Figure 2.4). We 
considered pathways leading to all regio- and stereoisomers via three possible scenarios: concerted 
cycloaddition, stepwise zwitterionic cycloaddition, and stepwise diradical cycloaddition. B3LYP 
was previously used to study the mechanism of Diels–Alder cycloadditions with 1,2-
cyclohexadiene. However, Brinck and coworkers have noted a tendency for B3LYP to 
overestimate the asynchronicity of highly asynchronous transition states and to ultimately favor 
stepwise pathways;39 their recent benchmark study demonstrates that ωB97XD performs better 
than B3LYP for highly asynchronous Diels–Alder cycloadditions and was shown to reproduce 
transition state geometries obtained using a high accuracy method, CCSD(T). A variety of methods 
and basis sets were evaluated for this study, and ωB97XD/6-311+G(d,p)/SMD(MeCN) was 
selected as the computational method of choice (see Section 2.9.3.2). 
Our computations reveal that pathways leading to endo products are most energetically 
favorable, consistent with experimental results, and proceed in an asynchronous concerted fashion. 
Key results are summarized in Figure 2.4a (see Section 2.9.3.4 & 2.9.3.5 for analyses of pathways 
leading to exo products). The DDG‡ for the two competing endo pathways for the Diels–Alder 
reaction of methyl-substituted allene 2.61 and furan (2.30) was calculated to be –1.5 kcal/mol, 
with the cycloaddition occurring on the olefin distal to the methyl group. This correlates well with 
the experimental result shown in Table 2.1 (see entry 5). To understand the origin of 
regioselectivity, we performed a distortion/interaction activation strain analysis.40 Thus, the DE‡ 
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was calculated for the endo pathways leading to the two possible regioisomers, and DE‡ was further 
broken down into its components, the distortion energy (DEdist‡, an energetic cost associated with 
the structural distortion of the reactants) and the interaction energy (DEint‡, an energetic benefit 
resulting from favorable orbital interactions). Whereas the DEdist‡ was found to be comparable for 
the transition states leading to the major and minor regioisomers (DDEdist‡ = –0.3 kcal/mol), DEint 
was more favorable in the transition state leading to the major regioisomer (DDEint‡ = –1.3 
kcal/mol). This more favorable DEint results from more stabilizing orbital interactions between the 
lowest unoccupied molecular orbital (LUMO) of allene 2.61 and highest occupied molecular 
orbital (HOMO) of furan (2.30) in TS2.1 (Figure 2.4b), which leads to the major observed 
regioisomer. That is, the LUMO is more concentrated on the less substituted double bond of the 
allene. 
The corresponding analysis was performed for the competing endo pathways for the Diels–
Alder reaction of ester-substituted allene 2.62 and furan (2.30). The DDG‡ and DDE‡ were 
calculated to be –4.9 kcal/mol and –4.7 kcal/mol, respectively, with the cycloaddition occurring 
on the olefin proximal to the ester, consistent with experimental findings (see Table 2.1, entry 8). 
DEdist‡ was again found to be comparable for the transition states leading to the major and minor 
regioisomers (DDEdist‡ = 0.7 kcal/mol favoring the minor pathway), but DEint‡ was much more 
favorable in the transition state leading to the major regioisomer (DDEint‡ = –5.4 kcal/mol). More 
favorable orbital interactions in TS2.2 (Figure 2.4b) occur upon interaction with the LUMO, now 
concentrated on the ester-substituted double bond. As shown in Figure 2.4b, the major pathway 
(TS 2.2) is highly asynchronous with initial bond formation occurring on the central allene carbon. 
To better understand the favorable electronic interactions that lead to the observed 
regioselectivities, Hartree-Fock molecular orbitals were calculated for allenes 2.61 and 2.62. The 
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aforementioned helical LUMOs of 2.61 and 2.62 are depicted (Figure 2.4c), along with the pz 
orbital coefficients for both termini of the allene, which project in the direction at which bond 
formation occurs. In the case of 2.61, the less substituted terminus possesses a larger coefficient 
in the LUMO, which correlates to the regioselectivity we observe in experiments involving Cbz-
derivative 2.26. On the other hand, for ester 2.62, the larger orbital coefficient resides on the more 
substituted allene terminus, which is also consistent with our experimental results involving allene 
2.27. The slight charge separation in the transition state also contributes to the better stabilization 
of those transition states leading to the observed products.  
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Figure 2.4. Computations provide insight into regio- and diastereoselectivities (all 
calculated energies are reported in kcal/mol). 
 
2.7 Enantioenriched Silyl Triflates and Transfer of Chirality Studies 
We were also intrigued by the idea of accessing an enantioenriched cycloadduct by 
intercepting an enantioenriched heterocyclic allene intermediate. Key precedent for this idea stems 
from the studies of Christl and Engels, who accessed a highly enantioenriched cycloadduct from 
in situ-generated 1-phenyl-1,2-cyclohexadiene using a low-temperature Skattebøl rearrangement, 
–0.38 0.24
ΔG‡ = 19.1
ΔE‡ = 4.6
ΔEdist‡ = 10.9
ΔEint‡ = –6.3
ΔG‡ = 20.6
ΔE‡ =  6.2
ΔEdist‡ = 11.2
ΔEint‡ = –5.0
ΔG and ΔE
(Major regioisomer)
ΔG and ΔE
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ΔΔG‡ = –1.5
ΔΔE‡ = –1.6
ΔΔEdist‡ = –0.3
ΔΔEint‡ = –1.3
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 87 
albeit in low yield.15,41 As an alternate approach, we hypothesized that the silyl triflate precursors 
to heterocyclic allenes could be utilized in enantioenriched form. To this end, we separated gram 
quantities of the enantiomers of ketones 2.17 and 2.18 and elaborated them to enantioenriched 
silyl triflates 2.23 and 2.20, respectively. The chiral separations were achieved using preparative 
chiral supercritical fluid chromatography (SFC), either by batch processing or direct purification 
of gram quantities, an approach also used for gram-scale purifications in industrial settings.42 As 
shown in Figure 2.5, we have found that the success of this strategy is highly dependent on the 
nature of the heterocyclic allene substituent. When employing optically enriched ester-containing 
silyl triflate (+)-2.23 in the Diels–Alder cycloaddition with pyrrole 2.29b or furans 2.30 or 2.31, 
adducts 2.38–2.40 were obtained as expected, but in racemic form (Figure 2.5a). In contrast, when 
enantioenriched methyl-substituted silyl triflate (+)-2.20 was utilized in the corresponding Diels–
Alder reactions, the expected cycloadducts (+)-2.35, (–)-2.36, and (+)-2.37 were obtained in 81–
98% enantiomeric excess (Figure 2.5b). As noted earlier in Table 2.1, cycloadduct 37 is obtained 
as a mixture of regioisomers in the cycloaddition between allene 2.32 and dimethylfuran (31). 
Interesting, the formation of the minor regioisomer in this reaction also proceeded without 
significant stereochemical erosion to give the corresponding cycloadduct (+)-2.63 bearing vicinal 
tetrasubstituted stereocenters in 97% ee.  
Calculations were performed to assess the racemization barriers for allenes 2.62 and 2.61 
to determine whether the substituent had an effect on the barrier for racemization of the chiral 
allenoate intermediate generated from the corresponding silyl triflate. Prior theoretical studies on 
the racemization of 1,2-cyclohexadiene (2.3) by Johnson and coworkers showed that the 
racemization of 1,2-cyclohexadiene (2.3) occurs via a diradical transition state.6 As shown in 
Figure 2.5c, the racemization barrier for ester-containing allene 2.62 was determined to be only 
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14.1 kcal/mol and occurs via a diaradical transition state. In the case of methyl-substituted allene 
2.61, the barrier for racemization was calculated to be 16.4 kcal/mol, which is consistent with 
faster racemization of 2.62 than 2.61, a result of greater stabilization of the diradical transition 
state from 2.62. As such, we hypothesize that allene 2.62 undergoes racemization faster than 
cycloaddition, thus accounting for the formation of racemic 2.38–2.40 (see Figure 2.5a). With 
racemization being disfavorable, the Diels–Alder reactions to give 2.35–2.37 proceed with 
significant transfer of stereochemical information (see Figure 2.5b). At present, we cannot rule out 
the possibility of racemization occurring after desilylation, but prior to allene formation. 
Nonetheless, these results demonstrate that heterocyclic allenes may be employed as building 
blocks for enantioenriched products, while further showcasing the key role of substituents in 
governing selectivities in reactions of heterocyclic allenes.  
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Figure 2.5. Attempted transfer of stereochemical information from silyl triflates to cycloadducts 
via azacyclic allene intermediates. 
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2.8 Conclusion 
We have performed an experimental and computational study of unusual azacyclic allene 
intermediates. Our study includes syntheses of stable allene precursors, which in turn can be used 
to access the desired azacyclic allenes in situ under mild reaction conditions. Diels–Alder trapping 
of the allene intermediates provides an array of functionalized piperidines bearing multiple 
stereogenic centers, including quaternary centers in some cases. DFT studies show that 
computations correctly predict the observed diastereoselectivities, with cycloadditions occurring 
through concerted asynchronous endo transition states. A detailed distortion-interaction analysis 
explains the origins of the observed regiochemistry of the Diels–Alder cycloadditions. Lastly, by 
assessing enantioenriched silyl triflates, we found that stereochemical information can be 
transferred from a silyl triflate starting material to Diels–Alder cycloadducts, provided the allene 
is appropriately substituted. 
The structure and reactivity of strained organic compounds has intrigued the chemical 
community for over a century. However, cyclic allenes have received relatively little attention, 
especially in comparison to cyclic alkynes. Our present study demonstrates that strained azacyclic 
allenes, although largely neglected, serve as valuable building blocks for the construction of 
complex molecular scaffolds bearing multiple stereogenic centers. 
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2.9 Experimental Section 
2.9.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated 
alumina columns). All commercially obtained reagents were used as received unless otherwise 
specified. Cesium fluoride (CsF), was obtained from Strem Chemicals. Triethylsilyl chloride 
(TESCl) was obtained from Oakwood Products, Inc. Iodomethane (MeI) and furan (2.30) were 
obtained from Alfa Aesar. 1,1-Diethoxyethene (2.59) and sodium borohydride were obtained from 
Fluka. L-Selectride (1 M in THF), N-(5-chloro-2-pyridyl)bis(trifluoromethanesulfonimide) 
(Comins’ Reagent), potassium bis(trimethylsilyl)amide (KHMDS), hexamethylphosphoramide 
(HMPA), methyl cyanoformate (Mander’s Reagent), lithium diisopropylamide (LDA), N-Boc 
pyrrole (2.29b), sodium hydride, N-phenylpyrrole (2.29a), and 2,5-dimethylfuran (2.31) were 
obtained from Sigma Aldrich. Sodium hydride was washed with pentane prior to use and stored in 
an Argon-filled glovebox. Trifluoromethanesulfonic anhydride (Tf2O) was obtained from Combi-
Blocks. Benzyl chloroformate (CbzCl) was obtained from TCI America. 2.31, Tf2O, HMPA, and 
diisopropylamine were distilled over CaH2 prior to use. 2.30 and 2.29b were filtered over basic 
alumina prior to use. Reaction temperatures were controlled using an IKAmag temperature 
modulator and, unless stated otherwise, reactions were performed at room temperature 
(approximately 23 °C). Thin layer chromatography (TLC) was conducted with EMD gel 60 F254 
pre-coated plates (0.25 mm) and visualized using a combination of UV light, anisaldehyde, and 
potassium permanganate staining. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was 
used for flash column chromatography. 1H-NMR and 2D-NOESY spectra were recorded on Bruker 
spectrometers (at 400, 500, and 600 MHz) and are reported relative to the residual solvent signal. 
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Data for 1H-NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 
constant (Hz) and integration. 13C-NMR spectra were recorded on Bruker spectrometers (at 100 
and 125 MHz) and are reported relative to the residual solvent signal. Data for 13C-NMR spectra 
are reported in terms of chemical shift and, when necessary, multiplicity, and coupling constant 
(Hz). 19F-NMR spectra were recorded on Bruker spectrometers (at 376 MHz) and reported in terms 
of chemical shift (δ ppm). IR spectra were obtained on a Perkin-Elmer UATR Two FT-IR 
spectrometer and are reported in terms of frequency of absorption (cm–1). Uncorrected melting 
points were measured using a Digimelt MPA160 melting point apparatus. DART-MS spectra were 
collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion 
source and a Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by 
Excalibur software v. 3.0.  The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) 
using CDCl3 as the solvent. Ionization was accomplished using UHP He (Airgas Inc.) plasma with 
no additional ionization agents.  The mass calibration was carried out using Pierce LTQ Velos ESI 
(+) and (–) Ion calibration solutions (Thermo Fisher Scientific). Chiral separations of compounds 
2.17 and 2.18 were performed by Lotus Separations, LLC. Determination of enantiopurity was 
carried out on a Mettler Toledo SFC (supercritical fluid chromatography) using a Daicel ChiralPak 
OJ-H column and a Daicel ChiralPak IA-3 column. Optical rotations were measured with a 
Rudolph Autopol III Automatic Polarimeter. 
Nitrones 2.45,43 2.47,18 2.49,44 and 2.51,44 azomethine imines 2.5345 and 2.55,46 and nitrile oxide 
2.5747 are all known compounds. 1H-NMR spectral data matched those reported in the literature. 
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2.9.2 Experimental Procedures 
2.9.2.1 Syntheses of Silyl Triflate Precursors 
 
4-Methoxy-3-(triethylsilyl)pyridine (2.65). To a solution of diisopropylamine (13.9 mL, 99.0 
mmol, 1.2 equiv) in THF (165 mL) at –10 °C was added n-BuLi (2.52 M in hexanes, 34.0 mL, 
90.8 mmol, 1.1 equiv) dropwise over 1 h. The solution was stirred for 30 min at –10 °C, then 4-
methoxypyridine (2.15, 9.00 g, 82.5 mmol, 1.0 equiv) was added dropwise over 20 min and stirred 
for 1 h at –10 °C. Next, TESCl (18.9 mL, 107 mmol, 1.3 equiv) was added dropwise over 1 h and 
was allowed to stir at –10 °C for 1 h. The reaction was allowed to warm to 23 °C. After stirring 
for 2 h, deionized water (1.0 mL) was added to the reaction and the THF was removed under 
reduced pressure. The reaction was diluted with deionized water (75 mL) and was extracted with 
diethyl ether (3 x 50 mL). The combined organic layers were washed with deionized water (3 x 
100 mL) and brine (1 x 100 mL), dried over Na2SO4, filtered, and concentrated under reduced 
pressure. The resulting crude oil was dry loaded onto SiO2 (20.0 g) from a diethyl ether solution 
and was purified by flash chromatography (100% EtOAc) to afford silyl pyridine 2.65 (16.8 g, 
91% yield) as a light yellow oil. Silyl pyridine 2.65: Rf  0.52 (100% EtOAc); 1H-NMR (400 MHz, 
CDCl3): δ 8.48 (d, J = 5.8, 1H), 8.37 (s, 1H), 6.74 (d, J = 5.8, 1H), 3.84 (s, 3H), 0.96–0.91 (m, 
9H), 0.86–0.81 (m, 6H); 13C-NMR (100 MHz, CDCl3): δ 170.5, 156.0, 152.4, 120.0, 105.4, 54.8, 
7.5, 3.3; IR (film): 2952, 2874, 1571, 1559, 1271 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C12H22NOSi+, 224.1465; found, 224.1464. 
  
 
i.   LDA (1.1 equiv)
     THF, –10 °C
ii.  TESCl (1.3 equiv)
     –10 → 23 °C
(91% yield)2.15 2.65
N
OMe
N
OMe
SiEt3
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Enone 2.16. To a solution of silyl pyridine 2.65 (10.0 g, 44.5 mmol, 1.0 equiv) in methanol (100 
mL) at –78 °C was added NaBH4 (1.85 g, 49.0 mmol, 1.1 equiv). After stirring for 1 h at –78 °C, 
CbzCl (6.97 mL, 49.0 mmol, 1.1 equiv) in diethyl ether (15 mL) was transferred to the reaction 
via cannulation over 5 min. After stirring for 1 h at –78 °C, deionized water (15 mL) was added 
and the cooling bath was removed, allowing the reaction to warm to 23 °C before diluting with 
deionized water (100 mL). The layers were separated and the aqueous layer was extracted with 
Et2O (3 x 50 mL). The combined organic layers were washed with deionized water (3 x 50 mL) 
and brine (1 x 50 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
resulting crude oil was purified by flash chromatography (3:2 hexanes:Et2O) to give enone 2.16 
(12.9 g, 84% yield) as a colorless oil. Enone 2.16: Rf  0.43 (3:2 hexanes:Et2O); 1H-NMR (400 MHz, 
CDCl3): δ 7.82 (br s, 1H), 7.44–7.34 (m, 5H), 5.27 (s, 2H), 4.00 (t, J = 7.3, 2H), 2.53 (t, J = 7.4, 
2H), 0.90 (t, J = 8.0, 9H), 0.69 (q, J = 8.0, 6H); 13C-NMR (125 MHz, CDCl3, 9 of 13 observed): δ 
196.8, 135.3, 128.9, 128.5, 69.0, 42.7, 36.2, 7.6, 3.1; IR (film): 2953, 2874, 1728, 1658, 1577, 
1301 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C19H28NO3Si+, 346.1833; found, 346.1833.  
 
 
Ketone 2.17. To a solution of enone 2.16 (1.57 g, 4.55 mmol, 1.0 equiv) in THF (23 mL) at –78 
°C was added L-selectride (1.0 M solution in THF, 6.83 mL, 6.83 mmol, 1.5 equiv) dropwise over 
13 min. The reaction was stirred at –78 °C for 2 h, then quenched by the addition of a saturated 
i.   NaBH4 (1.1 equiv)
     CH3OH, –78 °C
ii.  CbzCl (1.1 equiv)
     Et2O, –78 °C
iii. H2O, –78 → 23 °C
(84% yield)2.65 2.16
N
OMe
CbzN
O
SiEt3SiEt3
CbzN
SiEt3
O L-selectride (1.5 equiv)
    
THF, –78 °C
(89% yield)
CbzN
SiEt3
O
2.16 2.17
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aqueous solution of NH4Cl (9 mL) and allowed to warm to 23 °C. The layers were separated and 
the aqueous layer was extracted with Et2O (3 x 40 mL). The combined organic layers were dried 
over Na2SO4, filtered, and concentrated under reduced pressure to provide the crude product, 
which was purified by flash chromatography (9:1 hexanes:EtOAc) to afford ketone 2.17 as a 
colorless oil (1.41 g, 89% yield). Ketone 2.17: Rf  0.36 (1:1 hexanes:Et2O); 1H-NMR (500 MHz, 
CDCl3): δ 7.41–7.29 (m, 5H), 5.26–5.07 (m, 2H), 4.20–3.96 (m, 2H), 3.82–3.59 (m, 1H), 3.54–
3.33 (m, 1H), 2.58–2.31 (m, 3H), 1.03–0.81 (m, 9H), 0.72–0.51 (m, 6H); 13C-NMR (125 MHz, 
CDCl3): δ 209.2, 208.8, 155.2, 136.6, 136.4, 128.73, 128.67, 128.5, 128.4, 128.3, 128.2, 67.8, 67.6, 
42.9, 42.8, 42.5, 42.2, 40.2, 7.4, 3.0; IR (film): 2954, 2876, 1692, 1417, 1232 cm–1; HRMS–APCI 
(m/z) [M + H]+ calcd for C19H30O3Si+, 348.1989; found, 348.1981.   
Note: 2.17 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
 
Ketone 2.18. To a solution of enone 2.16 (1.00 g, 2.89 mmol, 1.0 equiv) in THF (15.0 mL) at –78 
°C was added L-selectride (1.0 M solution in THF, 4.34 mL, 4.34 mmol, 1.5 equiv) dropwise over 
10 min. After stirring for 1 h, iodomethane (0.900 mL, 14.5 mmol, 5.0 equiv) was added dropwise 
3 min at –78 °C, then the cold bath was removed and the reaction was warmed to 23 °C. Aluminum 
foil was used to cover the reaction and exclude light. After stirring for 4 h, deionized water (50 
mL) was added and the layers were separated. The aqueous layer was extracted with diethyl ether 
(3 x 20 mL). The combined organic layers were washed with deionized water (3 x 20 mL) and 
brine (1 x 20 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
i.   L-selectride (1.5 equiv)
     THF, –78 °C
ii.  MeI (5.0 equiv)
     –78 → 23 °C
(76% yield)
2.18
CbzN
O
SiEt3
2.16
CbzN
O
SiEt3
Me
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resulting crude oil was purified via flash chromatography (3:1 hexanes:EtOAc) to give ketone 2.18 
(795 mg, 76% yield) as a colorless oil. Ketone 2.18: Rf  0.30 (1:1 hexanes:Et2O); 1H-NMR (500 
MHz, CDCl3): δ 7.42–7.29 (m, 5H), 5.27–5.06 (m, 2H), 4.22–3.97 (m, 2H), 3.49–3.18 (m, 2H), 
2.67–2.35 (m, 2H), 1.25–1.11 (m, 3H), 1.04–0.85 (m, 9H), 0.75–0.56 (m, 6H); 13C-NMR (125 
MHz, CDCl3): δ 212.2, 211.5, 155.6, 155.2, 136.7, 136.4, 128.7, 128.5, 128.3, 128.1, 67.7, 67.5, 
50.2, 49.9, 46.0, 45.6, 42.8, 42.4, 39.7, 39.6, 18.3, 7.9, 7.6, 2.4; IR (film): 2954, 2877, 1690, 1418, 
1231 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C20H32NO3Si+, 362.2146; found, 362.2137. 
Note: 2.18 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum.  
 
 
Silyl triflate 2.19. Solid LDA (142 mg, 1.33 mmol, 2.0 equiv) was added to a flame dried vial. 
The LDA was then suspended in diethyl ether (2.50 mL) and cooled to –78 °C for 20 min. In a 
separate flame-dried vial, ketone 2.17 (231 mg, 0.665 mmol, 1.0 equiv) was dissolved in diethyl 
ether (2.50 mL) and cooled to –78 °C for 20 min. The ketone solution was then transferred to the 
LDA pot via dropwise cannula transfer over 1 min and the reaction was stirred at –78 °C for 2 h. 
Then, Comins’ Reagent (365 mg, 0.931 mmol, 1.4 equiv) in diethyl ether (2.50 mL) at –78 °C was 
added to the reaction flask via dropwise cannula transfer over 1 min. The cooling bath was 
removed and the reaction was allowed to warm to 23 °C. After stirring for 12 h, the reaction was 
quenched by addition of an aqueous solution of 5% (w/w) NaHCO3 (5.0 mL). The layers were 
separated and the aqueous layer was extracted with diethyl ether (3 x 5 mL). The combined organic 
layers were washed with water (3 x 5 mL) and brine (1 x 5 mL), dried over Na2SO4, filtered, and 
CbzN
SiEt3
O i.  LDA (2.0 equiv)
    Et2O, –78 °C
    
ii. Comins' Reagent (1.4 equiv)
    Et2O, –78  → 23 °C
(66% yield BRSM)
CbzN
SiEt3
OTf
2.17 2.19
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concentrated under reduced pressure. The resulting crude yellow oil was purified by flash 
chromatography (13:7 Hexanes:EtOAc) to provide silyl triflate 2.19 as a clear oil (140 mg, 45% 
yield, 66% yield BRSM) and single regioisomer. Unreacted starting material (76.2 mg, 33% yield) 
was recovered as a yellow oil. Silyl triflate 2.19: Rf  0.71 (3:1 hexanes:EtOAc); 1H-NMR (500 
MHz, CDCl3): δ 7.45–7.29 (m, 5H), 5.68–5.55 (m, 1H), 5.27–5.08 (m, 2H), 4.29–4.16 (m, 1H), 
4.11–3.89 (m, 2H), 3.52 (dd, J = 13.1, 4.4, 1H), 2.15–2.00 (m, 1H), 1.02–0.86 (m, 9H), 0.72–0.53 
(m, 6H); 13C-NMR (125 MHz, CDCl3): δ 155.2, 154.9, 150.9, 150.4, 136.5, 136.2, 128.7, 128.5, 
128.4, 128.2, 118.6 (q, JC–F = 324.0), 111.3, 110.7, 67.8, 67.6, 42.6, 42.4, 42.1, 28.2, 28.0, 7.3, 2.9; 
19F NMR (376 MHz, CDCl3): δ –73.6; IR (film): 2957, 2878, 1707, 1417, 1208 cm–1; HRMS–
APCI (m/z) [M + H]+ calcd for C20H29F3NO5SSi+, 480.1482; found, 480.1492. 
Note: 2.19 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. While we were able to obtain only the desired 
regioisomer following this procedure, during reaction optimization we often encountered a 
mixture of olefin isomers. These isomers were inseparable by chromatography; however, by 
heating in DMSO at 100 °C for 15 min, the undesired isomer decomposes and after purification, 
2.19 can be obtained as a single regioisomer. 
 
 
Silyl triflate 2.20. To a solution of KHMDS (1.18 g, 5.93 mmol, 1.2 equiv) in THF (7.6 mL) at –
78 °C was added a solution of ketone 2.18 (1.79 g, 4.94 mmol, 1.0 equiv) in THF (7.6 mL) 
dropwise over 20 min. After stirring for 15 min, a solution of Comins’ Reagent (2.72 g, 6.92 mmol, 
1.4 equiv) in THF (7.7 mL) was added dropwise over 15 min at –78 °C, then the cooling bath was 
CbzN
SiEt3
O i.  KHMDS (1.2 equiv)
    THF, –78 °C
    
ii. Comins' Reagent (1.4 equiv)
    THF, –78 → 23 °C
(80% yield)
CbzN
SiEt3
OTf
2.18 2.20
Me Me
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removed and reaction was allowed to warm to 23 °C. After stirring for 22 h, the reaction was 
quenched by addition of an aqueous solution of 5% (w/w) NaHCO3 (10 mL). The layers were 
separated and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined organic layers 
were dried over MgSO4, filtered, and concentrated under reduced pressure to provide the crude 
product, which was purified by flash chromatography (19:1 hexanes:EtOAc) to afford silyl triflate 
2.20 as a pale yellow oil (1.95 g, 80% yield). Silyl triflate 2.20: Rf  0.32 (9:1 hexanes:EtOAc); 1H-
NMR (500 MHz, CDCl3): δ 7.41–7.30 (m, 5H),  5.70–5.55 (m, 1H), 5.26–5.07 (m, 2H), 4.18 (d, J 
= 17.6, 1H), 4.00 (dd, J = 17.7, 3.0, 1H), 3.71 (d, J = 13.2, 1H), 3.52–3.39 (m, 1H), 1.24–1.11 (m, 
3H), 1.03–0.90 (m, 9H), 0.75–0.60 (m, 6H); 13C-NMR (125 MHz, CDCl3): δ 155.4, 155.0, 154.4, 
136.5, 136.4, 128.7, 128.4, 128.2, 118.5 (q, JC–F = 319.3), 110.1, 109.6, 67.7, 50.2, 42.6, 42.4, 
31.4, 18.6, 7.8, 2.5, 2.3; 19F NMR (376 MHz, CDCl3): δ –74.5; IR (film): 2958, 2879, 1706, 1415, 
1207 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C21H31F3NO5SSi+, 494.1639; found, 494.1624. 
Note: 2.20 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
 
Vinylogous acid 2.21. To a solution of diisopropylamine (582 µL, 4.16 mmol, 1.2 equiv) in Et2O 
(8.4 mL) at –78 °C was added n-BuLi (2.0 mL, 2.06 M in hexanes, 4.16 mmol, 1.2 equiv) dropwise 
over 4 min. The reaction was stirred at –78 °C for 25 min, then allowed to stir at 23 °C for 10 min. 
Then the reaction mixture was cooled to –78 °C and a solution of ketone 2.17 (1.3 g, 3.47 mmol, 
1.0 equiv) in Et2O (3.6 mL) was added dropwise over 10 min and stirred at –78 °C for 2 h. Then 
i.   LDA (1.2 equiv), Et2O, –78 °C
ii.  HMPA (1.0 equiv)
     Mander's Reagent (1.2 equiv)
     –78 °C
(63% yield)
2.21
CbzN
OH
SiEt3
MeO O
2.17
CbzN
O
SiEt3
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HMPA (604 µL, 3.47 mmol, 1.0 equiv) and Mander’s Reagent (330 µL, 4.16 mmol, 1.2 equiv) 
were added dropwise sequentially over 3 min at –78 °C. The reaction was stirred at –78 °C for 1 
h, then quenched by the addition of cold deionized water (0 °C, 18 mL) and allowed to warm to 
23 °C. The layers were separated and the aqueous layer was extracted with Et2O (3 x 30 mL). The 
combined organic layers were dried over Na2SO4, filtered, and concentrated under reduced 
pressure to provide the crude product, which was purified by flash chromatography (19:1 
hexanes:EtOAc) to afford vinylogous acid 2.21 as a colorless oil (880 mg, 63% yield). Vinylogous 
acid 2.21: Rf  0.45 (5:1 hexanes:Et2O); 1H-NMR (500 MHz, CDCl3): δ 12.28 (s, 1H) 7.40–7.30 (m, 
5H), 5.30–5.07 (m, 2H), 4.19 (d, J = 15.4, 1H) 4.02 (dd, J = 15.7, 1.6, 1H) 3.97–3.81 (m, 1H), 3.76 
(s, 3H), 3.52–3.43 (m, 1H), 2.18–2.01 (m, 1H), 1.03–0.83 (m, 9H), 0.74–0.53 (m 6H); 13C-NMR 
(125 MHz, CDCl3): δ 175.4, 174.6, 171.1, 155.3, 154.9, 136.8, 136.4, 128.6, 128.5, 128.4, 128.3, 
128.1, 128.0, 93.0, 92.5, 67.7, 67.4, 67.2, 51.4, 41.6, 41.4, 41.0, 40.6, 29.0, 7.3, 3.1; IR (film): 
2953, 2876, 1701, 1654, 1610 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C21H31NO5Si+, 
406.2044; found, 406.2043.   
Note: 2.21 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
 
Vinylogous acid 2.22. To a solution of diisopropylamine (0.698 mL, 4.98 mmol, 1.2 equiv) in 
Et2O (15.0 mL) at –78 °C was added n-BuLi (2.49 M in hexanes, 2.00 mL, 49.8 mmol, 1.2 equiv) 
dropwise over 5 min. The reaction was stirred at –78 °C for 15 min, then allowed to stir at 23 °C 
i.   LDA (1.2 equiv), Et2O, –78 °C
ii.  HMPA (1.0 equiv)
     Mander's Reagent (1.2 equiv)
     –78 °C
(57% yield)
2.22
CbzN
OH
SiEt3
MeO O
2.18
CbzN
O
SiEt3
Me Me
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for 30 min. Then the reaction mixture was cooled to –78 °C and a solution of ketone 2.18 (1.50 g, 
4.15 mmol, 1.0 equiv) in Et2O (15.0 mL) was added via cannula over 30 min. After stirring for 2 
h at –78 °C, HMPA (0.722 mL, 4.15 mmol, 1.0 equiv) and Mander’s Reagent (0.396 mL, 4.98 
mmol, 1.2 equiv) were added dropwise sequentially over 3 min at –78 °C. After stirring for 1 h, 
deionized water (50.0 mL) was added and the reaction was allowed to warm to 23 °C. The layers 
were separated and the aqueous layer was extracted with Et2O (3 x 50 mL). The combined organic 
layers were then washed with deionized water (3 x 50 mL) and brine (1 x 50 mL), dried over 
Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude oil was dry loaded 
on SiO2 and purified via flash chromatography (17:3 hexanes:EtOAc) to give vinylogous acid 2.22 
(1.00 g, 57% yield) as a colorless oil. Vinylogous acid 2.22: Rf  0.51 (4:1 hexanes:EtOAc); 1H-
NMR (500 MHz, CDCl3): δ 12.41 (s, 1H), 7.42–7.28 (m, 5H), 5.26–5.08 (m, 2H), 4.22–4.03 (m, 
2H), 3.84–3.66 (m, 4H), 3.31–3.19 (m, 1H), 1.28–1.13 (m, 3H), 1.03–0.86 (m, 9H), 0.76–0.57 (m, 
6H); 13C-NMR (125 MHz, CDCl3): δ 178.5, 177.7, 171.6, 168.7, 155.6, 155.2, 136.9, 136.6, 128.7, 
128.61, 128.60, 128.4, 128.2, 93.1, 92.6, 67.4, 51.6, 49.2, 41.5, 41.3, 32.8, 18.7, 7.9, 2.8; IR (film): 
2954, 2877, 1706, 1655, 1607, 1242 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C22H35NO5Si+, 
420.2201; found, 420.2207.  
Note: 2.22 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
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Silyl triflate 2.23. To a solution of NaH (124 mg, 5.18 mmol, 2.1 equiv) in CH2Cl2 (16.4 mL) at 
0 °C was added a solution of vinylogous acid 2.21 (1.0 g, 2.47 mmol, 1.0 equiv) in CH2Cl2 (8.2 
mL) dropwise over 25 min and allowed to warm to 23 °C. After stirring for 1 h, the reaction was 
cooled to –78 °C and Tf2O (540 µL, 3.21 mmol, 1.3 equiv) was added dropwise over 1 min. After 
stirring for 15 min, the reaction was allowed to warm to 23 °C and stirred for 2 h. The reaction 
was cooled to 0 °C and was quenched by the addition of deionized water (50 mL). The layers were 
separated and the aqueous layer was extracted with CH2Cl2 (3 x 60 mL). The combined organic 
layers were dried over Na2SO4, filtered, and concentrated under reduced pressure to provide the 
crude product, which was purified by flash chromatography (19:1 hexanes:EtOAc) to afford silyl 
triflate 2.23 as a light yellow oil (1.0 g, 75% yield). Silyl triflate 2.23: Rf  0.23 (9:1 hexanes:EtOAc); 
1H-NMR (400 MHz, CDCl3): δ 7.41–7.29 (m, 5H), 5.29–5.07 (m, 2H), 4.53–4.34 (m, 1H), 4.27–
4.07 (m, 2H), 3.79 (s, 3H), 3.39 (dd, J = 13.1, 4.1, 1H), 2.17–2.03 (m, 1H), 0.98–0.83 (m, 9H), 
0.72–0.53 (m, 6H); 13C-NMR (100 MHz, CDCl3): δ 163.2, 155.3, 154.9, 136.2, 128.6, 128.3, 118.3 
(q, JC–F = 321.0), 115.3, 67.7, 52.2, 43.4, 42.0, 30.0, 29.7, 7.0, 2.7; 19F NMR (376 MHz, CDCl3): 
δ –74.1; IR (film): 2957, 2879, 1711, 1424, 1213 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C22H31F3NO7SSi+, 538.1537; found, 538.1550. 
Note: 2.23 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum.  
 
i.   NaH (2.1 equiv)
     CH2Cl2, 0 → 23 °C
ii.  Tf2O (1.3 equiv)
     –78 → 23 °C
(75% yield) 2.23
CbzN
OTf
SiEt3
MeO O
2.21
CbzN
OH
SiEt3
MeO O
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Silyl triflate 2.24. To a solution of NaH (7.2 mg, 0.300 mmol, 2.1 equiv) in CH2Cl2 (1.2 mL) at 0 
°C was added a solution of vinylogous acid 2.22 (60.0 mg, 0.143 mmol, 1.0 equiv) in CH2Cl2 (0.4 
mL) dropwise over 2 min and allowed to warm to 23 °C. After stirring for 1 h, the reaction was 
cooled to –78 °C and Tf2O (31.3 µL, 0.186 mmol, 1.3 equiv) was added dropwise over 1 min. 
After stirring for 30 min, the cooling bath was removed and the reaction was stirred at 23 °C for 2 
h, then the reaction was quenched by the addition of deionized water (5 mL) at 0 °C. The layers 
were separated and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The combined 
organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure to 
provide the crude product, which was purified by flash chromatography (19:1 hexanes:EtOAc) to 
afford silyl triflate 2.24 as a colorless oil (59.7 mg, 76% yield). Silyl triflate 2.24: Rf  0.41 (4:1 
hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.40–7.30 (m, 5H), 5.30–5.04 (m, 2H), 4.81–
4.65 (m, 1H), 3.97–3.85 (m, 1H), 3.81–3.64 (m, 4H), 3.50–3.33 (m, 1H), 1.36–1.17 (m, 3H), 1.07–
0.91 (m, 9H), 0.79–0.61 (m, 6H); 13C-NMR (125 MHz, CDCl3): δ 164.2, 157.1, 155.4, 154.8, 
136.3, 128.7, 128.4, 128.3, 118.3 (q, JC–F = 318.7), 117.9, 117.4, 67.9, 52.5, 50.3, 44.4, 34.0, 18.2, 
7.8; 19F NMR (376 MHz, CDCl3): δ –72.5; IR (film): 2957, 2880, 1710, 1423, 1210 cm–1; HRMS–
APCI (m/z) [M + H]+ calcd for C23H33F3NO7SSi+, 552.1694; found, 552.1793. 
Note: 2.24 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
 
i.   NaH (2.1 equiv)
     CH2Cl2, 0 → 23 °C
ii.  Tf2O (1.3 equiv)
     –78 → 23 °C
(76% yield) 2.24
CbzN
OTf
SiEt3
Me
MeO O
2.22
CbzN
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SiEt3
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MeO O
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2.9.2.2 Diels–Alder Trapping Experiments 
Representative Procedure (Preparation of cycloadduct 2.32 is used as an example).  
 
Cycloadduct 2.32. To a stirred solution of silyl triflate 2.19 (52.1 mg, 0.108 mmol, 1.0 equiv) and 
N-phenylpyrrole (2.29a, 77.6 mg, 0.543 mmol, 5.0 equiv) in CH3CN (1.1 mL) was added CsF 
(82.5 mg, 0.543 mmol, 5.0 equiv). The reaction vessel was sealed and allowed to stir at 23 °C for 
4 h. The reaction mixture was filtered by passage through a plug of silica gel (EtOAc eluent, 10 
mL). Evaporation under reduced pressure yielded the crude residue, which was purified by 
preparative thin layer chromatography (2:1 hexanes:EtOAc) to afford cycloadduct 2.32 as a light 
yellow amorphous solid (77% yield, 4.7:1 dr, average of two experiments). Diastereomeric ratio 
was determined by integrating the following peaks in the 1H-NMR spectrum of the crude reaction 
mixture (Ha Major: 3.64 ppm; Minor: 3.80 ppm). Cycloadduct 2.32: Rf  0.26 (2:1 hexanes:EtOAc); 
1H-NMR (500 MHz, CDCl3): δ 7.38–7.28 (m, 5H), 7.23–7.16 (m, 2H), 6.89–6.83 (m, 1H), 6.80 
(d, J = 6.9, 2H), 6.32–6.26 (m, 1H), 6.09–5.99 (m, 1H), 5.75–5.61 (m, 1H), 5.18–5.06 (m, 2H), 
4.87 (s, 1H), 4.76–4.67 (m, 1H), 4.51–4.30 (m, 1H), 4.28–4.16 (m 1H), 3.60 (d, J = 18.4, 1H), 
2.56–2.46 (m, 1H), 1.91 (dt, J = 31.5, 11.3, 1H); 13C-NMR (125 MHz, CDCl3): δ 155.9, 155.4, 
146.6, 139.3, 138.9, 136.9, 135.0, 134.7, 129.2, 129.1, 128.8, 128.6, 128.2, 128.1, 128.0, 120.8, 
120.7, 117.6, 117.5, 114.8, 114.4, 67.3, 65.4, 65.3, 45.7, 45.5, 43.9, 43.5, 39.3, 39.1; IR (film): 
3033, 2862, 1697, 1497, 1415 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C23H23N2O2+, 
359.1754; found, 359.1744.   
CbzN
OTf
SiEt3
(5.0 equiv)
CsF (5.0 equiv)
CH3CN, 23 °C, 4 h
(77% yield)
CbzN
2.322.19
2.29a
N
Ph
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Note: 2.32 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.32 was verified by 2D-NOESY, as the following interaction was observed: 
 
All reactions were monitored by TLC until starting material was consumed; the specific times are 
listed in the reaction scheme for each reaction. Any modifications of the conditions shown in this 
representative procedure are specified in the following schemes, which depict all of the results 
shown in Table 2.1. For all compounds in which the diastereomeric ratios were >20:1, the minor 
diastereomer was not observed in the 1H-NMR of the crude reaction mixture.  
 
 
Cycloadduct 2.33. Purification by preparative thin layer chromatography (2:1:1 
hexanes:CH2Cl2:Et2O) afforded an inseparable mixture of cycloadducts 2.33 and 2.66 as a light 
yellow amorphous solid (77% yield, 7.4:1 dr, average of two experiments). Diastereomeric ratio 
was determined by integrating the following peaks in the 1H-NMR spectrum of the crude reaction 
mixture (Ha Major: 5.61 ppm; Minor: 5.82 ppm). Cycloadducts 2.33 and 2.66 were characterized 
as a mixture of diastereomers. Cycloadducts 2.33 and 2.66: Rf  0.47 (1:1 hexanes:EtOAc); 1H-
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NMR (400 MHz, CDCl3): 2.33 (major isomer): δ 7.41–7.28 (m, 5H), 6.41–6.32 (m, 1H), 6.09 (dd, 
J = 15.3, 5.4, 1H), 5.67–5.54 (m, 1H), 5.20–5.02 (m, 4H), 4.56–4.35 (m, 1H), 4.33–4.19 (m, 1H), 
3.65–3.55 (m, 1H), 2.62–2.51 (m, 1H), 1.86–1.71 (m, 1H); 2.66 (minor isomer) δ 7.41–7.28 (m, 
5H), 6.55–6.49 (m, 1H), 6.41–6.32 (m, 1H), 5.88–5.76 (m, 1H), 5.20–5.02 (m, 3H), 4.85–4.77 (m, 
1H), 4.56–4.35 (m, 1H), 4.33–4.19 (m, 1H), 3.81–3.72 (m, 1H), 2.62–2.51 (m, 1H), 2.06–1.97 (m, 
1H); 13C-NMR (100 MHz, CDCl3): δ 156.0, 155.5, 138.9, 138.6, 136.9, 136.1, 135.8, 129.5, 129.4, 
128.6, 128.2, 128.0, 113.4, 113.0, 81.3, 80.1, 80.0, 79.9, 79.4, 77.4, 67.3, 45.6, 45.4, 43.8, 43.3, 
40.1, 40.0; IR (film): 3008, 2866, 1691, 1414, 1229 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C17H18NO3+, 284.1281; found, 284.1271.   
Note: 2.33 and 2.66 were obtained as a mixture of rotamers. These data represent empirically 
observed chemical shifts from the 13C-NMR spectrum. 
 
The structures of 2.33 and 2.66 were verified by 2D-NOESY, as the following interactions were 
observed: 
 
 
 
Cycloadduct 2.34. Purification by preparative thin layer chromatography (2:1:1 
hexanes:CH2Cl2:Et2O) afforded cycloadduct 2.34 as a colorless oil (82% yield, 13.7:1 dr, average 
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of two experiments). Diastereomeric ratio was determined by integrating the following peaks in 
the 1H-NMR spectrum of the crude reaction mixture (Ha Major: 5.48 ppm; Minor: 5.65 ppm). 
Cycloadduct 2.34: Rf  0.67 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.42–7.27 (m, 
5H), 6.15–6.09 (m, 1H), 5.88 (dd, J = 14.7, 5.2, 1H), 5.53–5.41 (m, 1H), 5.22–5.10 (m, 2H), 4.47–
4.20 (m, 2H), 3.60 (ddd, J = 18.0, 4.2, 2.2, 1H), 2.37–2.30 (m, 1H), 1.80 (dt, J = 34.3, 11.3, 1H), 
1.66–1.50 (m, 6H); 13C-NMR (125 MHz, CDCl3): δ 156.0, 155.6, 145.3, 145.0, 139.9, 139.6, 
136.95, 136.90, 133.6, 133.4, 128.9, 128.7, 128.6, 128.2, 128.0, 111.6, 111.1, 87.0, 86.8, 67.3, 
67.2, 47.1, 47.0, 45.3, 45.1, 43.7, 43.2, 18.1, 15.6, 15.01, 14.97; IR (film): 2974, 2931, 1702, 1606, 
1416 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C19H22NO3+, 312.1600; found, 312.1593.   
Note: 2.34 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.34 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.35. Purification by preparative thin layer chromatography (3:1 hexanes:EtOAc) 
afforded cycloadduct 2.35 as a colorless oil (73% yield, >20:1 dr, average of two experiments). 
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Cycloadduct 2.35: Rf  0.23 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.39–7.29 (m, 
5H), 7.23–7.17 (m, 2H), 6.89–6.83 (m, 1H), 6.80 (d, J = 8.2, 2H), 6.37–6.30 (m, 1H), 6.08–5.98 
(m, 1H), 5.20–5.01 (m, 3H), 4.75–4.66 (m, 1H), 4.37 (ddd, J = 69.6, 11.4, 4.9, 1H), 4.18–4.06 (m, 
1H), 3.54–3.38 (m, 1H), 2.55–2.46 (m, 1H), 1.94–1.76 (m, 4H); 13C-NMR (125 MHz, CDCl3): δ 
155.7, 155.3, 146.8, 136.9, 134.3, 134.0, 132.3, 131.9, 129.1, 128.9, 128.70, 128.69, 128.6, 128.3, 
128.12, 128.09, 122.3, 121.9, 120.8, 120.7, 117.7, 117.6, 67.25, 67.22, 65.5, 65.4, 63.8, 47.7, 47.3, 
45.7, 45.5, 38.9, 38.6, 16.99, 16.97; IR (film): 3033, 2857, 1691, 1416, 1235 cm–1; HRMS–APCI 
(m/z) [M + H]+ calcd for C24H25N2O2+, 373.1911; found, 373.1905.   
Note: 2.35 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
 
The structure of 2.35 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.36. Purification by flash chromatography (2:1:1 hexanes:CH2Cl2:Et2O) afforded 
cycloadduct 2.36 as a light yellow oil (73% yield, 12.8:1 dr, average of two experiments). 
Diastereomeric ratio was determined by integrating the following peaks in the 1H-NMR spectrum 
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of the crude reaction mixture (Major: 6.41 ppm; Minor: 6.51 ppm). Cycloadduct 2.36: Rf  0.71 (1:1 
hexanes:Et2O); 1H-NMR (600 MHz, C6D6): δ 7.32–7.28 (m, 2H), 7.15–7.10 (m, 2H), 7.08–7.04 
(m, 1H), 5.91–5.85 (m, 1H), 5.51–5.45 (m, 1H), 5.27–5.21 (m, 1H), 5.20–5.14 (m, 1H), 4.97 (br. 
s, 1H), 4.60–4.55 (m, 1H), 4.52–3.93 (m, 2H), 3.30–3.03 (m, 1H), 2.41–2.29 (m, 1H), 1.46–1.36 
(m, 1H), 1.22–1.13 (m, 3H); 13C-NMR (125 MHz, CDCl3): δ 155.7, 155.3, 136.8, 135.4, 135.2, 
132.0, 131.6, 129.5, 129.3, 128.6, 128.5, 128.3, 128.04, 128.01, 127.98, 121.1, 120.6, 80.1, 80.0, 
78.6, 67.2, 47.5, 47.1, 45.4, 45.2, 39.5, 39.3, 16.8; IR (film): 2923, 1697, 1416, 1236, 1115 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C18H20NO3+, 298.1438; found, 298.1433.   
Note: 2.36 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
 
The structure of 2.36 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.37. Purification by flash chromatography (2:1:1 hexanes:CH2Cl2:Et2O) afforded 
an inseparable mixture of cycloadducts 2.37 and 2.63 as a light yellow oil (74% yield, 3.1:1 ratio 
of regioisomers, >20:1 dr, average of two experiments). Regioisomeric ratio was determined by 
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integrating the following peaks in the 1H-NMR spectrum of the crude reaction mixture (Ha Major: 
5.87 ppm; Minor: 5.97 ppm). Cycloadducts 2.37 and 2.63 were characterized as a mixture of 
regioisomers. Cycloadducts 2.37 and 2.63: Rf  0.10 (9:1 hexanes:EtOAc); 1H-NMR (500 MHz, 
CDCl3): 2.37 (major isomer): δ 7.39–7.28 (m, 5H), 6.25–6.20 (m, 1H), 5.87 (dd, J = 13.3, 5.4, 
1H), 5.21–5.11 (m, 2H), 4.38–4.00 (m, 2H), 3.43–3.34 (m, 1H), 2.34–2.27 (m, 1H), 1.81–1.71 (m, 
6H), 1.63–1.59 (m, 3H), 1.10 (d, J = 4.5, 1H); 2.63 (minor isomer) δ 7.39–7.28 (m, 5H), 6.06 (dd, 
J = 9.0, 5.4, 1H), 5.97 (dd, J = 17.3, 5.4, 1H), 5.46–5.35 (m, 1H), 5.21–5.11 (m, 2H), 4.38–4.00 
(m, 2H), 3.68 (dt, J = 17.3, 5.1, 1H), 2.21–2.14 (m, 1H), 1.81–1.71 (m, 3H), 1.63–1.59 (m, 3H), 
1.54–1.50 (m, 3H); 13C-NMR (125 MHz, CDCl3): δ 156.5, 155.7, 155.3, 149.3, 148.9, 139.7, 
139.4, 139.3, 137.2, 137.0, 135.5, 133.8, 133.7, 128.9, 128.72, 128.65, 128.2, 128.14, 128.11, 
128.0, 127.9, 120.2, 119.6, 110.3, 89.1, 87.4, 86.6, 86.3, 86.1, 67.9, 67.3, 67.25, 67.17, 51.7, 51.6, 
48.4, 47.9, 47.5, 47.2, 45.94, 45.89, 45.1, 44.9, 43.2, 42.7, 29.8, 27.6, 18.2, 18.10, 18.09, 18.0, 
17.5, 15.8, 15.2, 15.1, 14.59, 14.57; IR (film): 3032, 2932, 1701, 1416, 1239 cm–1; HRMS–APCI 
(m/z) [M + H]+ calcd for C20H24NO3+, 326.1748; found, 326.1751.   
Note: 2.37 and 2.63 were obtained as a mixture of rotamers. These data represent empirically 
observed chemical shifts from the 13C-NMR spectrum. 
 
The structures of 2.37 and 2.63 were verified by 2D-NOESY, as the following interactions were 
observed: 
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Cycloadduct 2.38. Purification by preparative thin layer chromatography (2:1 hexanes:EtOAc) 
afforded cycloadduct 2.38 as a colorless oil (75% yield, >14:1 dr, average of two experiments). 
Diastereomeric ratio was determined by integrating the following peaks in the 1H-NMR spectrum 
of the crude reaction mixture (Ha Major: 5.73 ppm; Minor: 5.86 ppm). Cycloadduct 2.38: Rf  0.29 
(2:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.39–7.27 (m, 5H), 6.55–6.32 (m, 1H), 
6.29–6.02 (m, 1H), 5.79–5.67 (m, 1H), 5.20–5.01 (m, 4H), 4.78–4.60 (m, 1H), 4.36–4.26 (m, 1H), 
3.68–3.50 (m, 4H), 1.99 (dd, J = 13.7, 12.2, 1H), 1.39 (s, 9H); 13C-NMR (125 MHz, CDCl3): δ 
171.7, 155.7, 155.1, 154.6, 139.9, 139.6, 138.0, 137.8, 136.6, 136.5, 136.0, 135.7, 131.3, 131.0, 
129.5, 129.2, 128.52, 128.48, 128.1, 128.0, 127.8, 116.7, 116.4, 80.8, 67.2, 66.3, 65.6, 63.6, 62.9, 
55.0, 54.5, 52.7, 49.2, 48.9, 43.8, 43.4, 28.2; IR (film): 2978, 2950, 1732, 1704, 1278 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C20H29N2O6+, 441.2020; found, 441.2017. 
Note: 2.38 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
 
The structure of 2.38 was verified by 2D-NOESY, as the following interaction was observed: 
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Cycloadduct 2.39. Purification by flash chromatography (2:1 hexanes:EtOAc) afforded 
cycloadduct 2.39 as a colorless oil (74% yield, >9:1 dr, average of two experiments). 
Diastereomeric ratio was determined by integrating the following peaks in the 1H-NMR spectrum 
of the crude reaction mixture (Ha Major: 4.33 ppm; not unambiguously assigned Ha or Hb Minor: 
2.86 ppm). Cycloadduct 2.39: Rf  0.19 (2:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.43–
7.27 (m, 5H), 6.52–6.45 (m, 1H), 6.42–6.15 (m, 1H), 5.82–5.72 (m, 1H), 5.41–5.31 (m, 1H), 5.28 
(s, 1H), 5.19–5.07 (m, 2H), 4.74 (dd, J = 33.8, 11.9, 1H), 4.39–4.29 (m, 1H), 3.68–3.54 (m, 4H), 
1.98 (dd, J = 19.3, 12.1, 1H); 13C-NMR (100 MHz, CDCl3): δ 172.4, 171.9, 155.8, 155.1, 138.6, 
138.3, 137.1, 136.9, 136.7, 136.6, 129.7, 129.5, 128.52, 128.50, 128.1, 128.01, 127.98, 127.81, 
116.4, 116.2, 83.6, 83.5, 79.8, 79.7, 77.4, 77.2, 77.0, 76.7, 67.2, 54.44, 54.35, 52.7, 49.3, 49.0, 
43.7, 43.4, 30.0; IR (film): 3029, 2951, 2854, 1728, 1692 cm–1; HRMS–APCI (m/z) [M + H]+ calcd 
for C19H20NO5+, 342.1336; found, 342.1354.   
Note: 2.39 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
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The structure of 2.39 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.40. Purification by preparative thin layer chromatography (2:1 hexanes:EtOAc) 
afforded cycloadduct 2.40 as a colorless oil (95% yield, >20:1 dr, average of two experiments). 
Cycloadduct 2.40: Rf  0.25 (2:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.43–7.28 (m, 
5H), 6.20 (dd,  J =  8.6, 5.4, 1H), 5.99–5.92 (m, 1H), 5.65–5.53 (m, 1H), 5.22–5.10 (m, 2H), 4.93–
4.77 (m, 1H), 4.21–4.12 (m, 1H), 3.68–3.58 (m, 4H), 1.97 (dd, J = 15.1, 11.4, 1H), 1.71 (s, 3H), 
1.60–1.55 (m, 3H); 13C-NMR (125 MHz, CDCl3, 60 °C): δ 171.4, 155.4, 144.4, 141.5, 136.9, 
134.5, 128.4 127.9, 127.8, 112.9, 88.8, 86.8, 67.1, 58.3, 52.0, 49.1, 43.3, 16.3, 14.6; IR (film): 
2979, 2933, 1723, 1705, 1412 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C21H24NO5+, 
370.1649; found, 370.1657. 
Note: 2.40 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
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The structure of 2.40 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.41. Purification by preparative thin layer chromatography (3:1 hexanes:EtOAc) 
afforded cycloadduct 2.41 as a white amorphous solid (95% yield, >20:1 dr, average of two 
experiments). Cycloadduct 2.41: Rf  0.18 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 
7.40–7.29 (m, 5H), 7.21–7.15 (m, 2H), 6.86 (t, J = 7.1, 1H), 6.80 (t, J = 7.8, 2H), 6.43–6.36 (m, 
1H), 5.98–5.90 (m, 1H), 5.18–5.05 (m, 4H), 4.71–4.57 (m, 1H), 4.34–4.23 (m, 1H), 3.62–3.49 (m, 
3H), 3.47–3.39 (m, 1H), 2.10–2.02 (m, 1H), 1.85–1.79 (m, 3H); 13C-NMR (125 MHz, CDCl3): δ 
173.3, 172.8, 155.8, 155.2, 146.1, 146.0, 137.0, 136.9, 136.73, 136.69, 130.8, 130.5, 128.8, 128.64, 
128.62, 128.2, 128.12, 128.11, 128.0, 127.9, 127.6, 123.9, 123.5, 121.1, 118.70, 118.67, 67.31, 
67.28, 64.6, 54.8, 54.6, 52.7, 52.6, 49.0, 48.6, 47.8, 47.5, 17.15, 17.12; IR (film): 3032, 2950, 
1726, 1696, 1418 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C26H27N2O4+, 431.1965; found, 
431.1950. 
Note: 2.41 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
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The structure of 2.41 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.42. Purification by preparative thin layer chromatography (2:1 hexanes:EtOAc) 
afforded cycloadduct 2.42 as a colorless oil (93% yield, >20:1 dr, average of two experiments). 
Cycloadduct 2.42: Rf  0.40 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.42–7.28 (m, 
5H), 6.56–6.50 (m, 1H), 6.22–6.13 (m, 1H), 5.40 (br s, 1H), 5.39–5.30 (m, 1H), 5.18–5.06 (m, 
2H), 4.76–4.63 (m, 1H), 4.27–4.17 (m, 1H), 3.65–3.53 (m, 3H), 3.43–3.37 (m, 1H), 1.98–1.90 (m, 
1H), 1.79–1.74 (m, 3H); 13C-NMR (125 MHz, CDCl3): δ 173.0, 172.5, 155.7, 155.1, 138.1, 137.8, 
136.8, 136.7, 130.8, 130.5, 130.0, 129.8, 128.6, 128.21, 128.15, 128.1, 128.0, 124.5, 124.2, 83.8, 
83.7, 78.9, 78.8, 67.35, 67.32, 54.1, 54.0, 52.8, 52.7, 49.3, 49.0, 47.7, 47.3, 17.2; IR (film): 2951, 
1726, 1695, 1416, 1212, 1126 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C20H22NO5+, 
356.1493; found, 356.1495. 
Note: 2.42 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 1H and 13C-NMR spectra. 
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The structure of 2.42 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
 
Cycloadduct 2.43. Purification by preparative thin layer chromatography (2:1 hexanes:EtOAc) 
afforded 2.43 as a colorless oil (95% yield, >20:1 dr, average of two experiments). Cycloadduct 
2.43: Rf  0.14 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3, 50 °C): δ 7.44–7.27 (m, 5H), 
6.31 (d, J = 4.8, 1H), 5.93 (d, J = 4.8, 1H), 5.19–5.12 (m, 2H), 4.83–4.69 (m, 1H), 4.02 (d, J = 
18.1, 1H), 3.60 (s, 3H), 3.40 (d, J = 17.4, 1H), 2.00–1.91 (m, 1H), 1.86 (s, 3H), 1.79 (s, 3H), 1.56 
(s, 3H); 13C-NMR (125 MHz, CDCl3): δ 171.8, 171.7, 155.7, 155.5, 144.6, 144.1, 141.8, 141.5, 
136.95, 136.89, 134.6, 134.4, 128.6, 128.1, 128.05, 127.99, 113.3, 113.0, 89.0, 88.9, 87.04, 87.01, 
67.3, 66.0, 58.4, 58.3, 52.5, 52.4, 49.1, 49.0, 43.5, 43.1, 16.54, 16.51, 15.4, 14.83, 14.81; IR (film): 
2982, 1722, 1709, 1414, 1280 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C22H26NO5+, 
384.1811; found, 384.1795. 
Note: 2.43 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
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The structure of 2.43 was verified by 2D-NOESY, as the following interaction was observed: 
 
 
2.9.2.3 (3+2) and (2+2) Trapping Experiments 
Representative Procedure (Preparation of isoxazolidine 2.46 is used as an example).  
 
Isoxazolidine 2.46. To a stirred solution of silyl triflate 2.19 (51.4 mg, 0.107 mmol, 1.0 equiv) and 
trapping agent (nitrone 2.45, 24.7 mg, 0.214 mmol, 2.0 equiv) in CH3CN (1.1 mL) was added CsF 
(81.5 mg, 0.536 mmol, 5.0 equiv). The reaction vessel was sealed and allowed to stir at 23 °C for 
8 h. The reaction mixture was filtered by passage through a plug of silica gel (EtOAc eluent, 10 
mL). Evaporation under reduced pressure yielded the crude residue, which was purified by 
preparative thin layer chromatography (3:1 hexanes:EtOAc) to afford isoxazolidine 2.46 as a clear, 
colorless oil (88% yield, >20:1 dr, average of two experiments). Isoxazolidine 2.46: Rf  0.29 (3:1 
hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.40–7.28 (m, 5H), 5.49–5.36 (m, 1H), 5.15 (s, 
2H), 4.76–4.54 (m, 1H), 4.44–4.42 (m, 2H), 3.72 (q, J = 6.2, 1H), 3.65–3.50, (m, 1H), 2.61–2.46 
(m, 1H), 1.28 (d, J = 6.4, 3H), 1.10 (s, 9H) ; 13C-NMR (100 MHz, CDCl3): δ 155.6, 155.3, 146.4, 
146.1, 136.5, 128.5, 128.1, 128.0, 112.5, 111.9, 70.0, 67.4, 58.7, 57.0, 44.3, 43.9, 43.2, 42.9, 26.3, 
CbzN
2.43
Me
OMeO2C
H
H
Me
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O
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O
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25.8, 23.9; IR (film): 2972, 2929, 2871, 1696, 1418 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C19H27N2O3+, 331.2016; found, 331.2026.   
Note: 2.46 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.46 was verified by 2D-NOESY, as the following interaction was observed: 
  
Any modifications of the conditions shown in this representative procedure are specified in the 
following schemes, which depict all of the results shown in Table 2.2. Diastereomeric and 
regioisomeric ratios were determined by 1H-NMR of the crude reaction mixtures. For all 
compounds in which the diastereomeric ratios were >20:1, the minor diastereomer was not 
observed in the 1H-NMR spectra of the crude reaction mixture. 
 
 
Isoxazolidine 2.48. In this reaction, nitrone 2.47 was utilized as a mixture of double bond isomers 
(6.4:1 ratio, major isomer depicted). Purification by preparative thin layer chromatography (5:1 
hexanes:EtOAc) afforded isoxazolidine 2.48 as a colorless oil (85% yield, 5.4:1 dr, average of two 
CbzN O
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C
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experiments). Diastereomeric ratio was determined by integrating the following peaks in the 1H-
NMR spectrum of the crude reaction mixture (Ha Major: 5.98 ppm; Minor: 5.52 ppm). 
Isoxazolidine 2.48: Rf  0.49 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.66–7.59 (m, 
2H), 7.45–7.32 (m, 8H) 6.05–5.90 (m, 1H), 5.24–5.15 (m, 2H), 4.82–4.44 (m, 3H), 3.85–3.68 (m, 
1H), 2.78–2.63 (m, 1H), 2.60 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 155.5, 155.3, 141.3, 140.8, 
136.4, 136.3, 133.1 133.0, 129.4, 128.8, 128.7, 128.4, 128.3, 128.2, 125.4 (q, JC–F = 287), 121.4, 
120.8, 72.1, 67.8, 44.4, 43.9, 43.7, 43.4, 41.5, 41.2; IR (film): 3032, 1704, 1497, 1111, 729 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C22H22F3N2O3+, 419.1577; found, 419.1556.   
Note: 2.48 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.48 was verified by 2D-NOESY, as the following interaction was observed: 
  
 
 
Isoxazolidine 2.50. Purification by preparative thin layer chromatography (1:1 hexanes:EtOAc) 
afforded isoxazolidine 2.50 as a clear, colorless oil (72% yield, 8.3:1 dr, average of two 
experiments). Diastereomeric ratio was determined by integrating the following peaks in the 1H-
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NMR spectrum of the crude reaction mixture (Ha Major: 5.57 ppm; Minor: 5.47 ppm). 
Isoxazolidine 2.50: Rf  0.41 (100% EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.43–7.30 (m, 5H), 
5.68–5.51 (m, 1H), 5.20–5.11 (m, 2H), 4.72–4.49 (m, 1H), 4.46–4.26 (m, 2H), 4.22–4.13 (m, 1H), 
3.70–3.53 (m, 1H), 3.32–3.16 (m, 2H), 2.62–2.44 (m, 1H), 2.13–2.01 (m, 1H), 1.89–1.68 (m, 3H); 
13C-NMR (125 MHz, CDCl3): δ 155.7, 155.4, 145.5, 145.1, 135.5, 128.7, 128.3, 128.1, 114.8, 
114.3, 70.5, 67.6, 67.2, 58.2, 58.1; 44.8, 44.4, 43.3, 43.0, 32.4, 25.2; IR (film) 2947, 1695, 1419, 
1224, 979 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C17H21N2O3+, 301.1547; found, 301.1531.   
Note: 2.50 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.50 was verified by 2D-NOESY, as the following interactions were observed: 
  
 
 
Isoxazolidine 2.52. Purification by preparative thin layer chromatography (3:1 hexanes:EtOAc) 
afforded isoxazolidine 2.52 as a colorless oil (Quantitative yield, 5.3:1 dr, average of two 
experiments). Diastereomeric ratio was determined by integrating the following peaks in the 1H-
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NMR spectrum of the crude reaction mixture (Ha Major: 5.34 ppm; Minor: 5.94 ppm). 
Isoxazolidine 2.52: Rf  0.14 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.40–7.30 (m, 
5H), 7.28–7.20 (m, 2H), 7.17–7.12 (m, 2H) 5.43–5.28 (m, 1H), 5.20–5.13 (m, 2H), 5.0 (s, 1H), 
4.87–4.67 (m, 1H), 4.51–4.29 (m, 2H), 3.60–3.46 (m, 1H), 3.29–3.20 (m, 1H), 3.07–2.98 (m, 1H), 
2.88–2.80 (m, 1H), 2.77–2.69 (m, 1H), 2.57–2.43 (m, 1H) ; 13C-NMR (100 MHz, CDCl3): δ 155.4, 
155.2, 142.5, 142.1, 136.4, 134.0, 131.6, 128.6, 128.5, 128.2, 128.0, 127.2, 126.3, 117.8, 117.2, 
72.7, 67.5, 64.4, 51.2, 47.2, 46.8, 43.2, 42.9, 28.8; IR (film): 3030,  2850, 1707, 1223, 1417 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C22H23N2O3+, 363.1703; found, 363.1703.   
Note: 2.52 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.52 was verified by 2D-NOESY, as the following interaction was observed: 
	 		
	
Pyrazolidine 2.54. Purification by preparative thin layer chromatography (3:1 hexanes:EtOAc) 
afforded pyrazolidine 2.54 as a colorless oil (68% yield, 10.6:1 dr, average of two experiments). 
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Diastereomeric ratio was determined by integrating the following peaks in the 1H-NMR spectrum 
of the crude reaction mixture (Ha Major: 5.56 ppm; Minor: 6.05 ppm). Pyrazolidine 2.54: Rf  0.66 
(100% EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.42–7.26 (m, 10H), 5.63–5.48 (m, 1H), 5.27–
5.06 (m, 3H), 4.44–4.16 (m, 3H), 3.75–3.60 (m, 1H), 3.49–3.38 (m, 1H), 3.05 (q, J = 9.8, 1H), 
2.99–2.85 (m, 1H), 2.68–2.47 (m, 2H); 13C-NMR (125 MHz, CDCl3): δ 168.4, 155.5, 143.1, 142.6, 
138.0, 136.5, 129.1, 128.7, 128.6, 128.33, 128.27, 128.1, 118.3, 117.8, 71.8, 67.6, 52.7, 50.0, 
43.52, 43.47, 43.2, 34.7; IR (film): 3032, 2251, 1683, 1417, 906 cm–1; HRMS–APCI (m/z) [M + 
H]+ calcd for C23H24N3O3+, 390.1812; found, 390.1822.   
Note: 2.54 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.54 was verified by 2D-NOESY, as the following interaction was observed: 
 
Note: The closest aromatic protons of the Cbz group are estimated to be roughly 6.7 Å away from 
the methine proton used for the NOE assignment. On the other hand, the distance between the 
shown phenyl C–H and the methine is roughly 2.2 Å (based on examination of a computed 
geometry-optimized structure). A correlation between the two methine protons in 2.54 was not 
observed. 			
CbzN N
N
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H
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Pyrazolidine 2.56. Purification by preparative thin layer chromatography (19:1 CH2Cl2:MeOH) 
afforded pyrazolidine 2.56 as a colorless oil (81% yield, 14:3 dr, average of two experiments). 
Diastereomeric ratio was determined by integrating the following peaks in the 1H-NMR spectrum 
of the crude reaction mixture (Ha Major: 5.53 ppm; Minor: 6.07 ppm). Pyrazolidine 2.56: Rf  0.29 
(19:1, CH2Cl2:MeOH); 1H-NMR (300 MHz, CDCl3): δ 8.62–8.53 (m, 2H), 7.70–7.61 (m, 1H), 
7.43–7.27 (m, 6H), 5.62–5.46 (m, 1H), 5.32–5.07 (m, 3H), 4.48–4.30 (m, 1H), 4.27 (s, 1H), 4.14 
(br s, 1H), 3.76–3.58 (m, 1H), 3.55–3.43 (m, 1H), 3.09–2.86 (m, 2H) 2.76–2.61 (m, 2H); 13C-NMR 
(100 MHz, CDCl3): δ 167.7, 155.4, 150.1, 149.4, 142.2, 136.5, 135.4, 134.2, 128.7, 128.3, 124.0, 
118.9, 118.4, 69.5, 67.7, 52.7, 49.6, 43.6, 43.3, 43.0, 34.7; IR (film) 3032, 2251, 1683, 1417, 906 
cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C23H24N3O3+, 390.1812; found, 390.1822.   
Note: 2.56 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.56 was verified by 2D-NOESY, as the following interaction was observed: 
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Isoxazoline 2.58. Purification by preparative thin layer chromatography (5:1 hexanes:EtOAc) 
afforded isoxazoline 2.58 as a colorless oil (81%, average of two experiments). Isoxazoline 2.58: 
Rf  0.23 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.42–7.30 (m, 5H), 6.91 (d, J = 4.5, 
2H), 5.64–5.50 (m, 1H), 5.20 (m, 2H),  5.07–4.86 (m, 2H), 4.56–4.35 (m, 1H), 3.85–3.68 (m, 1H), 
2.87–2.71 (m, 1H), 2.30 (s, 3H), 2.17 (s, 6H); 13C-NMR (125 MHz, CDCl3): δ 156.8, 156.6, 155.5, 
155.3, 142.0, 141.7, 139.3, 137.6, 137.5, 137.2, 136.21, 136.16, 128.6, 128.53, 128.50, 128.3, 
128.2, 128.1, 123.4, 123.3, 118.7, 117.9, 76.2, 76.0, 67.8, 44.9, 44.5, 43.4, 43.1, 21.1, 19.9, 19.7; 
IR (film): 2919, 1705, 1415, 1248, 852 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C23H25N2O3+, 
377.1860; found, 377.1842.    
Note: 2.58 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
	
Cycloadduct 2.60. Purification by preparative thin layer chromatography (5:1 hexanes:EtOAc) 
afforded cycloadduct 2.60 as a colorless oil (78%, average of two experiments). Cycloadduct 2.60: 
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Rf  0.41 (5:1 hexanes:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 7.39–7.29 (m, 5H), 5.51–5.40 (m, 
1H), 5.22–5.09 (m, 2H), 4.46–4.20 (m, 2H), 3.68–3.56 (m, 1H), 3.52–3.35 (m, 4H), 3.06–2.95 (m, 
1H), 2.88 (s, 2H), 2.84–2.75 (m, 1H), 1.21 (t, J = 7.1, 3H), 1.16 (t, J = 7.1, 3H); 13C-NMR (125 
MHz, CDCl3): δ 156.2, 155.9, 137.0, 132.7, 132.2, 128.6, 128.08, 128.06, 128.03, 128.01, 114.1, 
113.5, 102.3, 102.2, 67.2, 67.1, 58.1, 58.0, 50.0, 49.8, 44.1, 43.7, 41.8, 40.8, 40.4, 15.3, 15.2; IR 
(film): 2976, 2929, 1699, 1418, 1228 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C19H26NO4+, 
332.1856; found, 332.1852.   
Note: 2.60 was obtained as a mixture of rotamers. These data represent empirically observed 
chemical shifts from the 13C-NMR spectrum. 
 
The structure of 2.60 was verified by 2D-NOESY, as the following interaction was observed: 
  
 
2.9.2.4 Enantiospecific Trapping Experiments 
2.9.2.4.1 Separation of Ketones 2.17 and 2.18 
Compound 2.17 was separated into its enantiomers by Lotus Separations on 2.0 gram scale.  
Preparative Method:    Analytical Method: 
AS-H (2 x 25 cm)    AS-H (25 x 0.46 cm) 
10% isopropanol in CO2, 100 bar  10% isopropanol/CO2, 100 bar   
60 mL/min, 220 nm    3 mL/min, 220 and 280 nm 
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H
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Racemic 2.17:  
 
Enantioenriched (+)-2.17 (Peak-1b was used for our studies):  
 
Index Time (min) Area (%) 
Peak-1a 3.03 2.702 
Imp 4.02 1.512 
Peak-1b 4.94 95.786 
Total  100.00 
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Compound 2.18 was separated into its enantiomers by Lotus Separations (1.0 gram, batch). 
Preparative Method:    Analytical Method: 
AD-H (3 x 25 cm)    AD-H (25 x 0.46 cm) 
10% methanol/CO2, 100 bar   15% methanol/CO2, 100 bar   
70 mL/min, 220 nm    3 mL/min, 220 and 280 nm 
inj vol.: 1 mL, 20 mg/mL acetonitrile:DCM 
>1.0 gram was processed using this method in batch 
Racemic 2.18: 
 
Enantioenriched (–)-2.18 (Peak 1 was used for cycloadditions to form (+)-2.35 and (+)-2.37) 
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Index Time (min) Area (%) 
Imp 1.62 6.624 
Imp 2.43 1.138 
Peak-1 2.62 90.770 
Imp 2.77 0.745 
Peak-2 2.99 0.211 
Imp 3.49 0.512 
Total  100.00 
 
Enantioenriched (+)-2.18 (Peak 2 was used for cycloaddition to form (–)-2.36): 
 
Index Time (min) Area (%) 
Imp 1.65 6.596 
Peak-1 2.63 0.343 
Imp 2.88 0.583 
Peak-2 2.98 92.478 
Total  100.00 
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2.9.2.4.2 Synthesis of Enantioenriched Silyl Triflates (+)-2.23 and (+)-2.20 
 
Silyl triflate (+)-2.23. Followed procedure outlined for the preparation of 2.23 on pages 98–101. 
Spectral data matched those previously reported (see page 101). [α]28.0D +128.0° (c = 1.00, 
CH2Cl2). 
 
 
Silyl triflate (+)-2.20. Followed procedure outlined for the preparation of 2.20 on pages 97–98. 
Spectral data matched those previously reported (see page 98). [α]28.8D +36.0° (c = 1.00, CH2Cl2). 
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Verification of enantioenrichment of compounds 2.23 and 2.20: 
Compound 
Method 
Column/Temp. 
Solvent 
Method 
Flow Rate 
Retention 
Times 
(min) 
Enantiomeric 
Ratio 
(er) 
 
Diacel 
ChiralPak 
OD-H/35°C 
3% 
isopropanol 
in CO2 
2 mL/min 9.96/10.71 ~48.5:51.5 
 
Diacel 
ChiralPak 
OD-H/35°C 
3% 
isopropanol 
in CO2 
2 mL/min 9.76/10.34 ~93.7:6.3 
 
Daicel 
ChiralPak 
AD-3/35 °C 
3% 
isopropanol 
in CO2 
2 mL/min 6.17/6.80 49.9:50.1 
 
Daicel 
ChiralPak 
AD-3/35 °C 
3% 
isopropanol 
in CO2 
2 mL/min 5.95/6.66 99.6:0.4 
 
Note: Although the two enantiomers of 2.23 were unable to be completely resolved utilizing 
various column conditions, this result was ultimately deemed inconsequential and not pursued 
further. 
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2.9.2.4.3 Transfer of Chirality in Cycloaddition Reactions 
 
Cycloadduct 2.38. Followed procedure outlined for the preparation of 2.38 on page 110 (0.1 mmol 
scale). Spectral data matched those previously reported (see page 110). [α]25.6D 0.0° (c = 1.00, 
CH2Cl2). 
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Cycloadduct 2.39. Followed procedure outlined for the preparation of 2.39 on page 111 (0.1 mmol 
scale). Spectral data matched those previously reported (see page 111).  
 
 
Cycloadduct 2.40. Followed procedure outlined for the preparation of 2.40 on page 112 (0.1 mmol 
scale). Spectral data matched those previously reported (see page 112). [α]25.9D 0.0° (c = 1.00, 
CH2Cl2). 
 
 
Cycloadduct (+)-2.30. Followed procedure outlined for the preparation of 2.35 on pages 106–107 
(0.1 mmol scale). Spectral data matched those previously reported (see page 107). [α]25.1D 518.0° 
(c = 1.00, CH2Cl2). 
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Cycloadduct (–)-2.31. Followed procedure outlined for the preparation of 2.36 on pages 107–108 
(0.1 mmol scale). Spectral data matched those previously reported (see page 108). [α]28.0D –56.0° 
(c = 1.00, CH2Cl2). 
 
Cycloadduct (+)-2.32  and (+)-2.63. Followed procedure outlined for the preparation of 2.37 and 
2.63 on pages 108–109 (0.1 mmol scale). Spectral data matched those previously reported (see 
page 109). [α]25.7D 332.0° (c = 1.00, CH2Cl2). 
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Verification of enantioenrichment of compounds 2.39, (+)-2.35, (–)-2.36, (+)-2.37, and (+)-
2.63: 
Compound 
Method 
Column/Temp. 
Solvent 
Method 
Flow Rate 
Retention 
Times 
(min) 
Enantiomeric 
Ratio 
(er) 
 
Daicel 
ChiralPak 
IA-3/35 °C 
20% 
isopropanol 
in CO2 
2 mL/min 5.69/9.16 50.5:49.5 
 
Daicel 
ChiralPak 
IA-3/35 °C 
20% 
isopropanol 
in CO2 
2 mL/min 5.79/9.50 49.8:50.2 
 
Daicel 
ChiralPak 
IA-3/35 °C 
20% 
methanol in 
CO2 
3.5 
mL/min 
6.42/8.53 49.9:50.1 
 
Daicel 
ChiralPak 
IA-3/35 °C 
20% 
methanol in 
CO2 
3.5 
mL/min 
6.22/8.31 90.7:9.3 
 
Daicel 
ChiralPak 
OJ-H/35 °C 
8% 
isopropanol 
in CO2 
2 mL/min 10.60/13.30 49.1:50.9 
rac-2.39
(from rac-2.23)
CbzN
H
OMeO2C
rac-2.39
(from (+)-2.23)
CbzN
H
OMeO2C
CbzN
Me
NH
rac-2.35
(from rac-2.20)
Ph
CbzN
Me
NH
(+)-2.35
(from (–)-2.20)
Ph
CbzN
Me
OH
rac-2.36
(from rac-2.20)
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Daicel 
ChiralPak 
OJ-H/35 °C 
8% 
isopropanol 
in CO2 
2 mL/min 10.66/13.42 6.4:93.6 
 
Daicel 
ChiralPak 
IC-3/35 °C 
5% 
methanol in 
CO2 
3.5 
mL/min 
15.67/16.63 49.4:50.6 
 
Daicel 
ChiralPak 
IC-3/35 °C 
5% 
methanol in 
CO2 
3.5 
mL/min 
15.58/16.63 98.9:1.1 
 
Daicel 
ChiralPak 
IC-3/35 °C 
5% 
methanol in 
CO2 
3.5 
mL/min 
12.28/13.06 50.6:49.4 
 
Daicel 
ChiralPak 
IC-3/35 °C 
5% 
methanol in 
CO2 
3.5 
mL/min 
12.11/13.12 98.7:1.3 
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Date:12/1/2017
Sample:JSB-2017-0851
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2.9.3 Computational Methods 
All calculations were carried out with the Gaussian 09 package. Geometry optimizations 
were performed with wB97XD with the 6-31G(d) basis set. Frequency analysis was conducted at 
the same level of theory to verify the stationary points to be minima or saddle points. Free energy 
corrections were calculated both with and without Truhlar’s quasiharmonic oscillator 
approximation.48 Single-point energies and solvent effects in acetonitrile were computed with the 
wB97XD/6-311+G(d,p) basis set by using SMD solvation model.49  Molecular orbital coefficients 
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were obtained by single point energies at the HF/6-31G(d) level of theory. Computed structures 
are illustrated using CYLView.50  
 
2.9.3.1 Complete Reference of Gaussian 09 
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; 
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; 
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 
Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 
E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, 
M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. 
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, 
K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; 
Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Rev. D.01; 
Gaussian, Inc., Wallingford, CT, 2010. 
 
2.9.3.2 Choice of Computational Method 
DFT methods were examined to study the Diels–Alder cycloaddition of allene 2.62 with 
furan (2.30) (Figure 2.6). Calculations using B3LYP/6-31G(d) were able to successfully explain 
the observed diastereoselectivity, however they did not correctly account for the observed 
regioselectivity. M0-62X was not able to predict either the observed diastereoselectivity or 
regioselectivity. Computations with wB97XD/6-31G(d) were able to predict both the observed 
 149 
regioselectivitly and the diastereoselectivity and was further optimized to include solvent 
(wB97XD/6-311+G(d,p)/SMD(MeCN)) to give the best correlation with experimental results. We 
then applied this optimal level of theory to cycloaddition between allene 2.61 and furan (2.30) and 
again found good agreement with experimental results (Figure 2.7). 
 
 
Figure 2.6. DFT methods tested to correlate experimental results on the high regioselectivity and 
diastereoselectivity observed in the cycloaddition between allene 2.62 and furan (2.30). All 
calculated energies are reported in kcal/mol. 
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Figure 2.7. DFT methods tested to correlate experimental results on the high regioselectivity and 
diastereoselectivity observed in the cycloaddition between allene 2.61 and furan (2.30). All 
calculated energies are reported in kcal/mol. 
 
2.9.3.3 Strain Energy in 3,4-Azacyclohexadiene 
 
A homodesmic equation at the wB97XD/6-31G(d)+ZPVE level of theory was used to estimate 
strain in 3,4-azacyclohexadiene 2.14. Molecular strain in 3,4-azacyclohexadiene 2.14 was 
calculated relative to penta-2,3-diene (2.13). 
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2.9.3.4 Geometries of TS 2.1, TS 2.2, and Diastereomeric Transition States 
 
Transition states geometries for concerted cycloadditions of allenes 2.61 and 2.62 with furan (2.30) 
at the wB97XD/6-31G(d) level of theory. TS 2.1 and TS 2.2 lead to endo products (major 
diastereomers) while TS 2.3 and TS 2.4 lead to exo products. ΔG‡ values are also provided 
(wB97XD/6-311+G(d,p)/SMD(MeCN)//wB97XD/6-31G(d)). 
 
 
 
 
 
TS 2.2
(2.62 + 2.30)
2.83 Å
2.16 Å
TS 2.1
(2.61 + 2.30)
2.56 Å
2.19 Å
2.79 Å
2.13 Å
TS 2.4
(2.62 + 2.30)
TS 2.3
(2.61 + 2.30)
2.46 Å
2.24 Å
 ΔG‡ = 19.1 kcal/mol  ΔG‡ = 12.8 kcal/mol
 ΔG‡ = 21.5 kcal/mol  ΔG‡ = 14.2 kcal/mol
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2.9.3.5 Geometries of Cycloadducts 
 
Optimized structures of endo and exo products from cycloaddition of allenes 2.61 and 2.62 with 
2.30. Cycloaddition products from Diels–Alder reaction of allenes 2.61 and 2.62 with furan (2.30). 
2.69 and 2.66 are endo diastereomers while 2.70 and 2.67 are exo diastereomers. All of the 
displayed cycloadducts are considered the observed major regioisomers. 
 
 
 
 
 
 
2.69
(2.61 + 2.30)
2.66
(2.62 + 2.30)
2.70
(2.61 + 2.30)
2.67
(2.62 + 2.30)
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2.9.3.6 Geometries of Regioisomeric Transition States 
 
Transition states geometries for concerted cycloadditions of allenes 2.61 and 2.62 with furan (2.30) 
leading to minor regioisomers (endo diastereomers). TS 2.5 and TS 2.6 were optimized at the 
wB97XD/6-31G(d) level of theory. ΔG‡ and ΔE‡ values are also provided in kcal/mol 
(wB97XD/6-311+G(d,p)/SMD(MeCN)//wB97XD/6-31G(d)). 
 
2.9.3.7 Distortion/Interaction Activation Strain Analyses 
Distortion/interaction activation strain analyses were performed along the reaction 
coordinate for cycloadditions of allenes 2.61 and 2.62 with furan (2.30) at the ωB97XD/6-
311+G(d,p)/SMD(MeCN)//ωB97XD/6-31G(d) level of theory. The purpose was to determine the 
relative importance of distortion and interaction energies along the reaction pathway. 
Endo pathways leading to the two possible regioisomers were analyzed in each case. In 
Figures 2.8 and 2.9, the total electronic energy (ΔE), distortion energy (ΔE_dist), and interaction 
energy (ΔE_int) are plotted versus the average length of the two forming bonds (χ). For the reaction 
of allene 2.61 with furan (2.30), the total energies are lower as reactants proceed toward the 
transition state (Figure 2.8). Although distortion energies are slightly more elevated in the pathway 
TS 2.5
(2.61 + 2.30)
2.62 Å
2.14 Å
 ΔG‡ = 20.6
(ΔE‡ = 6.2)
TS 2.6
(2.62 + 2.30)
2.12 Å
2.91 Å
 ΔG‡ = 17.7
(ΔE‡ = 3.1)
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leading to the major regioisomer, interaction energies are much lower. This indicates that there are 
more stabilizing HOMO/LUMO interactions in the pathway leading to the major regioisomer. 
A similar trend in interaction energies is observed for cycloaddition of allene 2.62 with 
furan (2.30) as demonstrated in Figure 2.9. Interaction energies are much more stabilizing in the 
pathway leading to the major regioisomer, indicating that regioselectivity is controlled by 
differences in interaction energies along the reaction coordinate. Additionally, distortion energies 
are slightly lower for the pathway leading to the major regioisomer. 
 
 
Figure 2.8. Distortion/interaction activation strain analysis along the reaction coordinate in the 
Diels–Alder reaction of allene 2.61 with furan (2.30). Concerted endo pathways leading to two 
possible regioisomers are plotted. The last points to the right are the respective transition states. 
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Figure 2.9. Distortion/interaction activation strain analysis along the reaction coordinate in the 
Diels–Alder reaction of allene 2.62 with furan (2.30). Concerted endo pathways leading to two 
possible regioisomers are plotted. The last points to the right are the respective transition states. 
 
2.9.3.8 Racemization Barriers 
 
The barrier for racemization of 1,2-cyclohexadiene (2.3) was calculated at the wB97XD/6-
311+G(d,p)//wB97XD/6-31G(d)/SMD(MeCN) level of theory.  Racemization was found to 
proceed via a diradical transition state (TS 2.7) and with a barrier of 13.7 kcal/mol. This value is 
in close proximity to the literature reported value (15.0 kcal/mol).6 
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The barrier for racemization of ester allene 2.62 was calculated at the wB97XD/6-
311+G(d,p)/SMD(MeCN) level of theory.  Racemization was found to proceed via a diradical 
transition state (TS 2.8) and with a barrier of 14.1 kcal/mol. 
 
 
The barrier for racemization of methyl allene 2.61 was calculated at the wB97XD/6-
311+G(d,p)/SMD(MeCN) level of theory.  Racemization was found to proceed via a diradical 
transition state (TS 2.9) and with a barrier of 16.4 kcal/mol. 
 
2.9.3.9 Energies and Cartesian Coordinates for Optimized Structures 
Cartesian coordinates for the optimized structures were reported in the literature.51 
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2.10 Spectra Relevant to Chapter Two: 
 
Diels–Alder Cycloadditions of Strained Azacyclic Allenes 
 
Joyann S. Barber,† Michael M. Yamano,† Melissa Ramirez, Evan R. Darzi,  
Rachel R. Knapp, Fang Liu, K. N. Houk, and Neil K. Garg. 
Nat. Chem. 2018, 10, 953–960. 
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Figure 2.10. 1H NMR (400 MHz, CDCl3) of compound 2.65.  
 
Figure 2.11. 13C NMR (100 MHz, CDCl3) of compound 2.65.  
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Figure 2.12. 1H NMR (400 MHz, CDCl3) of compound 2.16.  
 
Figure 2.13. 13C NMR (125 MHz, CDCl3) of compound 2.16.  
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Figure 2.14. 1H NMR (500 MHz, CDCl3) of compound 2.17.  
 
Figure 2.15. 13C NMR (125 MHz, CDCl3) of compound 2.17.  
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Figure 2.16. 1H NMR (500 MHz, CDCl3) of compound 2.18.  
 
Figure 2.17. 13C NMR (125 MHz, CDCl3) of compound 2.18.  
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Figure 2.18. 1H NMR (500 MHz, CDCl3) of compound 2.19.  
 
Figure 2.19. 13C NMR (125 MHz, CDCl3) of compound 2.19.  
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Figure 2.20. 1H NMR (500 MHz, CDCl3) of compound 2.20.  
 
Figure 2.21. 13C NMR (125 MHz, CDCl3) of compound 2.20.  
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Figure 2.22. 1H NMR (500 MHz, CDCl3) of compound 2.21.  
 
Figure 2.23. 13C NMR (125 MHz, CDCl3) of compound 2.21.  
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Figure 2.24. 1H NMR (500 MHz, CDCl3) of compound 2.22.  
 
Figure 2.25. 13C NMR (125 MHz, CDCl3) of compound 2.22.  
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Figure 2.26. 1H NMR (400 MHz, CDCl3) of compound 2.23.  
 
Figure 2.27. 13C NMR (100 MHz, CDCl3) of compound 2.23.  
10 9 8 7 6 5 4 3 2 1 0 ppm
0.
64
4
0.
91
4
2.
12
6
3.
37
0
3.
38
1
3.
40
3
3.
41
3
3.
79
4
4.
18
3
4.
39
5
4.
44
0
5.
14
6
5.
21
5
7.
32
0
7.
33
2
7.
33
6
7.
34
0
7.
35
7
7.
36
5
7.
36
8
6.
09
9
8.
95
1
1.
01
5
1.
00
8
3.
02
9
2.
02
5
1.
01
6
2.
00
0
4.
92
9
Current Data Parameters
NAME     MY-2-222a-char-check
EXPNO                10
PROCNO                1
F2 - Acquisition Parameters
Date_          20170207
Time              23.16
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                    1
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG                83.63
DW               62.400 usec
DE                 6.50 usec
TE                299.0 K
D1           2.00000000 sec
TD0                   1
======== CHANNEL f1 ========
SFO1        400.1324008 MHz
NUC1                 1H
P1                15.00 usec
PLW1        13.00000000 W
F2 - Processing parameters
SI                65536
SF          400.1300184 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
Purified Product, 1H NMR
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
2.
71
7.
00
29
.7
1
30
.0
2
42
.0
4
43
.3
6
52
.2
0
67
.7
3
11
3.
50
11
5.
30
11
6.
68
11
9.
86
12
3.
05
12
8.
30
12
8.
56
13
6.
25
15
4.
89
15
5.
34
16
3.
23
Current Data Parameters
NAME     MY-2-222-charbon
EXPNO                20
PROCNO                1
F2 - Acquisition Parameters
Date_          20170209
Time               1.26
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 1600
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                299.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W
======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W
F2 - Processing parameters
SI                65536
SF          100.6127701 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
Purified Product, 13C NMR
2.23
rotamers
CbzN
OTf
SiEt3
MeO O
 167 
  
Figure 2.28. 1H NMR (500 MHz, CDCl3) of compound 2.24.  
 
Figure 2.29. 13C NMR (125 MHz, CDCl3) of compound 2.24.  
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Figure 2.30. 1H NMR (500 MHz, CDCl3) of compound 2.32.  
 
Figure 2.31. 13C NMR (125 MHz, CDCl3) of compound 2.32. 
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Figure 2.32. 1H NMR (400 MHz, CDCl3) of compounds 2.33 and 2.66.  
 
Figure 2.33. 13C NMR (100 MHz, CDCl3) of compounds 2.33 and 2.66. 
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Figure 2.34. 1H NMR (500 MHz, CDCl3) of compound 2.34.  
 
Figure 2.35. 13C NMR (125 MHz, CDCl3) of compound 2.34. 
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Figure 2.36. 1H NMR (500 MHz, CDCl3) of compound 2.35.  
 
Figure 2.37. 13C NMR (125 MHz, CDCl3) of compound 2.35. 
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Figure 2.38. 1H NMR (600 MHz, C6D6) of compound 2.36.  
 
Figure 2.39. 13C NMR (125 MHz, CDCl3) of compound 2.36. 
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Figure 2.40. 1H NMR (500 MHz, CDCl3) of compounds 2.37 and 2.63.  
 
Figure 2.41. 13C NMR (125 MHz, CDCl3) of compounds 2.37 and 2.63. 
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Figure 2.42. 1H NMR (500 MHz, CDCl3) of compound 2.38.  
 
Figure 2.43. 13C NMR (125 MHz, CDCl3) of compound 2.38. 
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Figure 2.44. 1H NMR (500 MHz, CDCl3) of compound 2.39.  
 
Figure 2.45. 13C NMR (100 MHz, CDCl3) of compound 2.39. 
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Figure 2.46. 1H NMR (500 MHz, CDCl3) of compound 2.40.  
 
Figure 2.47. 13C NMR (125 MHz, CDCl3) of compound 2.40. 
10 9 8 7 6 5 4 3 2 1 0 ppm
1.
56
9
1.
59
2
1.
71
1
1.
94
1
1.
96
4
1.
97
2
1.
99
5
3.
60
6
3.
62
8
3.
63
7
3.
64
7
4.
13
2
4.
14
3
4.
16
8
4.
17
9
4.
79
3
4.
81
5
4.
87
2
4.
89
4
5.
11
5
5.
14
0
5.
15
5
5.
16
3
5.
17
7
5.
19
0
5.
54
2
5.
54
8
5.
60
8
5.
61
4
5.
93
7
5.
94
7
5.
97
0
5.
98
0
6.
18
7
6.
19
8
6.
20
4
6.
21
5
7.
30
9
7.
32
9
7.
35
2
7.
36
7
7.
38
2
7.
39
2
7.
40
6
2.
95
0
3.
01
5
0.
98
7
4.
01
8
1.
01
2
1.
01
1
2.
01
3
0.
99
4
0.
99
1
1.
00
0
4.
99
9
Current Data Parameters
NAME     MY-2-237a-char
EXPNO                 2
PROCNO                1
F2 - Acquisition Parameters
Date_          20170115
Time              19.59
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                 71.8
DW               50.000 usec
DE                 6.00 usec
TE                296.9 K
D1           2.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz
F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
Purified Product, 1H NMR
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
14
.5
72
16
.2
60
43
.3
22
49
.0
75
52
.0
11
58
.3
45
67
.0
91
86
.8
47
88
.8
44
11
2.
89
3
12
7.
78
8
12
7.
85
7
12
8.
38
0
13
4.
46
0
13
6.
93
5
14
1.
49
1
14
4.
40
3
15
5.
44
2
17
1.
35
9
Current Data Parameters
NAME     MY-2-237a-p-13cCHAR
EXPNO                 2
PROCNO                1
F2 - Acquisition Parameters
Date_          20170129
Time              13.27 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  520
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                333.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W
F2 - Processing parameters
SI               131072
SF          125.7577892 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
Purified Product, 13C NMR
2.40
rotamers
CbzN
OMeO2C
Me
Me
 177 
 
Figure 2.48. 1H NMR (500 MHz, CDCl3) of compound 2.41.  
 
Figure 2.49. 13C NMR (125 MHz, CDCl3) of compound 2.41. 
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Figure 2.50. 1H NMR (500 MHz, CDCl3) of compound 2.42.  
 
Figure 2.51. 13C NMR (125 MHz, CDCl3) of compound 2.42. 
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Figure 2.52. 1H NMR (500 MHz, CDCl3) of compound 2.43.  
 
Figure 2.53. 13C NMR (125 MHz, CDCl3) of compound 2.43. 
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Figure 2.54. 1H NMR (500 MHz, CDCl3) of compound 2.46.  
 
Figure 2.55. 13C NMR (100 MHz, CDCl3) of compound 2.46. 
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Figure 2.56. 1H NMR (500 MHz, CDCl3) of compound 2.48.  
 
Figure 2.57. 13C NMR (125 MHz, CDCl3) of compound 2.48. 
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Figure 2.58. 1H NMR (500 MHz, CDCl3) of compound 2.50.  
 
Figure 2.59. 13C NMR (125 MHz, CDCl3) of compound 2.50. 
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Figure 2.60. 1H NMR (500 MHz, CDCl3) of compound 2.52.  
 
Figure 2.61. 13C NMR (100 MHz, CDCl3) of compound 2.52. 
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Figure 2.62. 1H NMR (500 MHz, CDCl3) of compound 2.54.  
 
Figure 2.63. 13C NMR (125 MHz, CDCl3) of compound 2.54. 
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Figure 2.64. 1H NMR (300 MHz, CDCl3) of compound 2.56.  
 
Figure 2.65. 13C NMR (100 MHz, CDCl3) of compound 2.56. 
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Figure 2.66. 1H NMR (500 MHz, CDCl3) of compound 2.58.  
 
Figure 2.67. 13C NMR (125 MHz, CDCl3) of compound 2.58. 
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Figure 2.68. 1H NMR (500 MHz, CDCl3) of compound 2.60.  
 
Figure 2.69. 13C NMR (125 MHz, CDCl3) of compound 2.60. 
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CHAPTER THREE 
 
Cyclic Alkyne Approach to Heteroatom-Containing Polycyclic  
Aromatic Hydrocarbon Scaffolds 
Evan R. Darzi, Joyann S. Barber, and Neil K. Garg. 
Angew. Chem., Int. Ed. 2019, doi: 10.1002/anie.201903060. 
 
3.1 Abstract 
We report a modular synthetic strategy for accessing heteroatom-containing polycyclic 
aromatic hydrocarbons (PAHs). Our approach relies on the controlled generation of transient 
heterocyclic alkynes and arynes. The strained intermediates undergo in situ trapping with readily 
accessible oxadiazinones. Four sequential pericyclic reactions occur, namely two Diels–Alder / 
retro-Diels–Alder sequences, which can be performed in a stepwise or one-pot fashion to assemble 
four new carbon–carbon (C–C) bonds. These studies underscore how the use of heterocyclic 
strained intermediates can be harnessed for the preparation of new organic materials. 
 
3.2 Introduction 
Alkynes contained in small rings were once considered only intellectual curiosities. 
However, in recent years, strained cyclic alkynes have resurfaced and have been widely employed 
in synthetic methodology studies.1,2,3,4 Additionally, such efforts have led to a greater 
understanding of aryne and cyclic alkyne reactivity and regioselectivities,5,6,7 and a host of 
synthetic applications impacting catalysis,8 agrochemistry,9 pharmaceuticals, and academia.10,11 A 
selection of important arynes and cyclic alkynes are shown in Figure 3.1.12,13,14,15,16,17,18,19  
 193 
One exciting application of arynes and cyclic alkynes lies in materials chemistry. Arynes 
have been employed in the synthesis of polymers and polycyclic aromatic hydrocarbons 
(PAHs),2,20,21,22,23 with the latter having a remarkable impact on the materials science field.24,25 
PAHs have been used in widely-used devices, such as organic light-emitting diodes (OLEDs), 
field effect transistors (OFETs), and photovoltaics (OPVs).26 An important subset of PAHs are 
9,10-diphenylanthracene derivatives. The parent compound, 9,10-diphenylanthracene (3.1, Figure 
3.1), has been widely studied since 190427 and has been used in blue glow sticks28 and OLEDs.29 
Novel derivatives of 3.1 have been highly sought.30 One promising ‘analoging’ approach is to 
prepare variants of 3.1 that bear heteroatoms in order to modulate the properties and potential 
applications of PAHs.31,32,33 Heteroatoms may be included in the anthracene ring itself or on the 
C9/C10 substituents, as exemplified by 3.234,35,36,37 and 3.3,38 respectively (Figure 3.1), which can 
impact material properties.38 Compounds possessing heteroatoms on both the anthracene ring and 
C9/C10 substituents, such as 3.4, have also been prepared in the context of OLEDs.39 Lastly, more 
exotic analogs of 3.1 and 3.2 are known where the C9/C10 substituents are replaced with 
heterocycles or substituted aromatics, as demonstrated by 3.534,37 and 3.6.40 The majority of 
heteroatom-containing derivatives of 3.1 have been disclosed in the patent literature over the past 
6 years and reflect a rapidly growing area of discovery.41,42 
 
 194 
 
Figure 3.1. Arynes, cyclic alkynes, and heterocyclic variants, and 9,10-diphenylanthracene (3.1) 
and aza-derivatives 3.2–3.6. 
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3.3 Proposed Strategy for PAH-Scaffold Synthesis 
Synthetic methods to rapidly generate novel heterocyclic PAHs remain limited. For 
example, the assembly of non-symmetric PAHs that possess multiple functional groups usually 
requires long linear sequences.33 Additionally, approaches to arrive at het-anthracene cores 
typically necessitate harsh reaction conditions (e.g., high temperatures and strongly acidic or basic 
conditions).33,13 Lastly, variation at C9 and C10 is primarily achieved via the use of strongly basic 
organometallic reagents or transition metal catalysis, and typically results in symmetric molecules 
or low yields.31,43  
We targeted the synthesis of scaffold 3.7 through an ambitious approach, whereby ring 
fragments A–D could be united with formation of the central benzene ring (Figure 3.2a). This 
would enable access to a range of heterocyclic PAH scaffolds, with the possibility of accessing 
four quadrants of differentiation. In practice, we questioned if highly reactive arynes and cyclic 
alkynes (i.e., 3.8 and 3.10) could be used as building blocks A and B (Figure 3.2b). Heterocyclic 
strained intermediates (e.g. 3.8) would be used strategically to access the desired heteroatom-
containing PAHs.44 With regard to building blocks C and D, oxadiazinone 3.9 was identified as a 
versatile core scaffold. Oxadiazinones (diazapyrones) are easily prepared from simple precursors45 
and are known to readily undergo one or more Diels–Alder (DA) cycloaddition / retro-Diels–Alder 
(rDA) cycloaddition reactions (with sequential expulsion of N2 and CO2).46 The success of this 
approach would hinge on uncovering a means to allow for the controlled generation and trapping 
of fragments 3.8 and 3.10 to ultimately deliver products 3.7 through the cascade of events 
suggested in Figure 3.2b. Key precedent stems from pioneering studies by Steglich in 1977,47 
which demonstrated the double addition of benzyne into oxadiazinones, in addition to the 
syntheses of conjugated materials by Nuckolls48 and Wudl.49 However, a notable limitation in all 
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cases is the inability to introduce two different strained alkynes, instead delivering symmetric 
products with respect to building blocks A and B.50  
 
Figure 3.2. Proposed strategy to access 3.7. 
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trapping of in situ-generated strained intermediates with oxadiazinones, demonstrated in both 
stepwise and one-pot fashions, furnishes the desired structural frameworks. Small molecule 
fluorophores can be accessed from this strategy. These studies demonstrate that heterocyclic 
strained intermediates can be leveraged for the preparation of new organic materials.  
 
3.4 Optimization to Form Pyrone 3.13 
With the ultimate goal of synthesizing heterocyclic PAHs bearing four quadrants of 
differentiation, we first developed a stepwise variant (Figure 3.3). As mentioned above, arynes are 
known to undergo oxadiazinone trapping, but the intermediate benzopyrone directly undergoes 
trapping with a second equivalent of the aryne, precluding the opportunity to introduce two 
different strained alkyne fragments. When using benzyne in our initial studies, only double 
addition to form 3.1 was observed. We hypothesized that the intermediate benzopyrone was more 
reactive than the oxadiazinone, preventing isolation or second addition of a different aryne. We 
questioned if a cyclic alkyne could be used to isolate the corresponding pyrone intermediate based 
on prior studies by Sauer and co-workers using cyclooctyne.51 Thus, we used a heterocyclic alkyne 
derived from commercially available silyl triflate 3.11 (prepared in 3 steps from 4-
methoxypyridine).13 Two key results (Figure 3.3) illustrate the ability to modulate the product 
distribution through alteration of the reaction stoichiometry. When silyl triflate 3.11 was employed 
in excess, the major products were adducts 3.14, consistent with the results previously seen in 
aryne/oxadiazinone reactions.46,47,48 However, when a 1 : 2 ratio of 3.11 and 3.12 was utilized, the 
desired pyrones 3.13, arising from a single DA / rDA reaction, were isolated in 74% yield under 
optimized conditions, without formation of double addition products 3.14. Of note, pyrone 3.13 is 
produced as a mixture of regioisomers 3.13a and 3.13b. It was found that treatment with excess 
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CsF under oxidative conditions selectively decomposed 3.13b leaving 3.13a untouched. Several 
points should be noted: a) our results provide the first example of a DA cycloaddition featuring an 
oxadiazinone and a strained intermediate derived from a Kobayashi silyl triflate precursor,52 b) the 
reactions occur under exceptionally mild reaction conditions, c) the desired reaction produces 
mixtures of pyrone isomers 3.13a and 3.13b, which may generally be viewed as both a strength 
and limitation (additional analogs, yet not selective), and d) isomer 3.13a, the key lynchpin to the 
success of our synthetic strategy, was ultimately accessible as a single isomer (33% yield from 
3.11, see section 3.9.2.2 for details) and employed in subsequent experiments.  
 
 
Figure 3.3. Optimization to form pyrones 3.13. 
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sequence, with loss of CO2, in the presence of arynes or non-aromatic cyclic alkynes (generated 
from silyl triflate precursors 3.15) at ambient temperature (Figure 4). In each case, the 
transformation proceeds with formation of two new C–C bonds and delivers non-symmetric 
heterocyclic PAH skeletons 3.16. Benzyne (3.17),52 1,2-naphthalyne (3.19)53 and 4,5-indolyne 
(3.21),18 performed well, giving rise to products 3.18, 3.20, and 3.22 in good yields (entries 1–3). 
Cyclic alkynes, which offer greater sp3-character and improved solubility of eventual products 
were also tested. Cyclohexyne (3.23), and heterocyclic strained cyclic alkynes 3.2513 and 3.2616 
performed smoothly (entries 4–6).54 With regard to regioselectivities (entries 2, 5, and 6), the major 
product likely arises from initial bond formation occurring between the more electron-rich carbon 
adjacent to the carbonyl group of the pyrone55 and the more distorted carbon of the strained 
intermediate in a concerted, asynchronous fashion.6,13,16  
 
Conditions unless otherwise stated: CsF (5.0 equiv), CH3CN (0.1 M), 14 h. For entries 2, 3, 5, and 6, the mixtures of 
regioisomers were not separable by column chromatography. 
 
Figure 3.4. The second DA / rDA reaction using pyrone intermediate 3.13a. 
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We also sought to access products bearing differing C and D rings. As noted earlier, in 
most routes to 9,10-anthracene derivatives, the C and D rings are introduced through a double 
cross-coupling or by the double addition of an organometallic reagent, allowing for the formation 
of only symmetric products with limited functional group compatibility.33,31 A series of 
differentially-substituted oxadiazinones were prepared using established chemistry45 and subjected 
to silyl triflate 3.11 under our standard reaction conditions (Figure 3.5). The desired sequence took 
place to deliver pyrone isomers 3.28–3.31 in yields ranging from 66 to 84%. In all cases, it was 
possible to separate the depicted pyrone isomer (42 to 72% recovery of the single isomer from the 
mixture of isomers), which was then subjected to benzyne precursor 3.32 under our standard 
conditions. The desired products 3.33–3.36 were obtained in good to excellent yields. The D ring 
was varied to include different para substituents (3.33–3.35), such as a bromide (3.35) for use in 
cross-coupling. Also, a thiophene was incorporated to give 3.36, which is notable given the 
prevalence of thiophenes in organic electronics.31  
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a Yield of the pyrone intermediates 3.28–3.31 (a and b isomers). Conditions for piperidyne 
cycloaddition: oxadiazinone 3.9 (2.0 equiv), silyl triflate 3.11 (1.0 equiv), CsF (2.0 equiv), 
CH3CN (0.1 M), 14–18 h. b Recovery of pyrones 3.28a–3.31a from the mixtures of a and b 
isomers. See section 3.9.2.2 for details. c Yield of products 3.33–3.36. Conditions for benzyne 
cycloaddition: pyrone 3.28a–3.31a (1.0 equiv), silyl triflate 3.32 (2.0 equiv), CsF (5.0 equiv), 
CH3CN (0.1 M), 18 h. 
 
Figure 3.5. Variation of the oxadiazinone core.  
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of the two strained intermediates. We posit that silyl triflate 3.11 more readily undergoes fluoride-
mediated elimination to form the corresponding alkyne compared to benzyne precursor 3.32 as a 
result of the lower strain energy associated with 3,4-piperidyne compared to benzyne.56 The 
transformation proceeds by way of 4 consecutive pericyclic reactions to create 4 new C–C bonds 
and deliver a heterocyclic PAH scaffold in one-pot. 
 
 
Figure 3.6. Three-component coupling of 3.11, 3.12, and 3.32.  
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important for a host of materials-related applications such as pH fluorescence sensors57,58 and 
solid-state fluorescent switches.59  
 
Figure 3.7. Strategic synthesis of 3.40 and elaboration to pH-responsive fluorophore 3.41a. 
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We also carried out the one-pot, 3-component coupling of silyl triflates 3.11 and 3.32 with 
dichlorooxadiazinone 3.43 (Figure 3.8a). This transformation led to the controlled formation of 
dichloride 3.44 in 58% yield. 3.44 then underwent Pd-catalyzed borylation to give (bis)boronic 
ester 3.45. Subsequent coupling with 3.46 afforded donor–acceptor fluorophore 3.47, which was 
found to be solvatochromic,60 indicative of a donor–acceptor system (Figure 3.8b).  
Bis(boronate) 3.45 could be employed as a building block for polymer synthesis (Figure 
3.8a). Suzuki–Miyaura polymerization61 between diboronic ester 3.45 and 4,7-
dibromobenzothiadiazole (3.48) provided donor–acceptor oligomer 3.49, which was found to have 
a polydispersity index (PDI) of 1.3 and a number average molecular weight (Mn) of 1.7 kDa. The 
donor–acceptor oligomer 3.49 displays a red-shifted absorbance and emission relative to 3.47 with 
a longest-wavelength absorption maximum of l = 391 nm and an emission maximum of l = 491 
nm (Figure 3.8c). The chromatographic shifts can be attributed to the extended conjugation present 
in oligomer 3.49 compared to 3.47. These results demonstrate how a common adduct obtained 
from our methodology (i.e. 3.44) can be used to rapidly access donor–acceptor monomers and 
oligomers displaying differing photophysical properties.  
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Figure 3.8. Synthetic applications of this methodology. a. Three-component reaction towards 
3.47 and 3.49. b. Solvatochromism of fluorophore 3.47. c. UV/Vis and fluorescence spectra in 
THF with oligomer 3.49 displaying red-shifted absorbance (red solid line) and emission (red 
dashed line) relative to 3.47 (blue solid and dashed lines). 
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3.8 Conclusion 
We have discovered a modular synthetic platform that leverages strained cyclic alkynes 
and arynes to access new heteroatom-containing PAH scaffolds. Two strained intermediates are 
united with an oxadiazinone to rapidly construct 4 new C–C bonds. An array of heterocyclic PAH 
frameworks reminiscent of 3.1 can be accessed. These studies demonstrate that heterocyclic 
strained intermediates can be strategically harnessed for the preparation of new organic compounds 
with materials-related properties. 
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3.9 Experimental Section 
3.9.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated 
alumina columns). All commercially obtained reagents were used as received unless otherwise 
specified. Cesium fluoride (CsF) and manganese (IV) oxide (MnO2) were obtained from Strem 
Chemicals. Benzyl 4-(trifluoromethylsulfonyloxy)-3-(trimethylsilyl)-5,6-dihydropyridine-1(2H)-
carboxylate (3.11), Garg 4,5-indolyne precursor (3.39), 2-(trimethylsilyl)phenyl 
trifluoromethanesulfonate (3.32), sodium hydride (NaH, 60% dispersion in mineral oil), palladium 
hydroxide on carbon (20% wt. loading, Pd(OH)2/C), bis(pinacolato) diboron (B2(pin)2), SPhos, 
and 4-bromo-benzothiadiazole (3.46) were obtained from Sigma Aldrich. Triisopropylsilyl 
chloride (TIPSCl) 4,7-dibromo-benzothiadiazole (3.48), and RuPhos-Pd-G3 were obtained from 
Combi-Blocks. 1-(Trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (precursor to 3.19) was 
obtained from TCI America. Potassium acetate (KOAc) was obtained from Fisher Scientific and 
ground up and dried in an oven overnight prior to use. Potassium phosphate (K3PO4) was obtained 
from Acros. TIPSCl was freshly distilled before use. 1,4-Dioxane was dried overnight with 10% 
wt/wt 5Å molecular sieves and sparged with nitrogen for 30 min immediately before use. Reaction 
temperatures were controlled using an IKAmag temperature modulator and, unless stated 
otherwise, reactions were performed at room temperature (approximately 23 °C). Thin layer 
chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 
visualized using a combination of UV light, anisaldehyde, and potassium permanganate staining. 
Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 
chromatography. For some chromatographic purifications, an automated Biotage Isolera™ with 
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SNAP Ultra™ cartridges, Teledyne Isco CombiFlash® with RediSep Rf cartridges, or Yamazen 
Smart Flash AKROS with ELS detector and Universal columns were used. 1H-NMR spectra were 
recorded on Bruker spectrometers (at 400, 500, and 600 MHz) and are reported relative to the 
residual solvent signal. Data for 1H-NMR spectra are reported as follows: chemical shift (δ ppm), 
multiplicity, coupling constant (Hz) and integration. 13C-NMR spectra were recorded on Bruker 
spectrometers (at 100 and 125 MHz) and are reported relative to the residual solvent signal. Data 
for 13C-NMR spectra are reported in terms of chemical shift and, when necessary, multiplicity, and 
coupling constant (Hz). IR spectra were obtained on a Perkin-Elmer UATR Two FT-IR 
spectrometer and are reported in terms of frequency of absorption (cm–1). Uncorrected melting 
points were measured using a Digimelt MPA160 melting point apparatus. DART-MS spectra were 
collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion 
source and a Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by 
Excalibur software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) 
using CDCl3 as the solvent. Ionization was accomplished using UHP He (Airgas Inc.) plasma with 
no additional ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI 
(+) and (–) Ion calibration solutions (Thermo Fisher Scientific). Separation of compounds 3.40a 
and 3.40b was carried out by Scott Virgil at California Institute of Technology on a Jasco 2000 
SFC (supercritical fluid chromatography) Preparative System using a Chiral Technologies AD-H 
column. UV-Vis spectra were recorded using an JASCO C-770 UV-Visible/NIR 
spectrophotometer. Fluorescence spectra were recorded using a Horiba Instruments PTI Quanta 
Master Series Fluorometer. The UV-Vis and fluorescence spectra were recorded using a 1-cm 
quartz cuvette, with freshly distilled tetrahydrofuran (THF), methylene chloride (DCM), diethyl 
ether, and acetonitrile. Gel permeation chromatography (GPC) was conducted on a Shimadzu 
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HPLC Prominence-i system equipped with a UV detector, Wyatt DAWN Heleos-II Light 
Scattering detector, Wyatt Optilab T-rEX RI detector, one MZ-Gel SDplus guard column, and two 
MZ-Gel SDplus 100 Å 5 µm 300 × 8.0 mm columns. Tetrahydrofuran (THF) at 40 °C was used as 
the eluent (flow rate: 0.70 mL/min). For polymer 3.49 near-monodisperse poly(styrene) standards 
(Polymer Laboratories) were employed for calibration and molecular weights were calculated from 
refractive index.  
 
Oxadiazinone 3.62,45 hydrazones 3.52,62 3.54,62 and 3.57,62 and silyl triflates 3.6462 and 
3.6516 are known compounds and were prepared following literature procedures. 1H-NMR spectral 
data matched those reported in the literature.62 Silyl triflate precursors to 3.17, 3.19, 3.21, and 3.25 
are all commercially available from Sigma–Aldrich (www.sigmaaldrich.com) or TCI 
(www.tcichemicals.com). The Sigma–Aldrich product numbers are as follows: 2-
(trimethylsilyl)phenyl trifluoromethanesulfonate (precursor to 3.17): 470430; Garg 4,5-indolyne 
precursor (precursor to 3.21): 795569; benzyl 4-(trifluoromethylsulfonyloxy)-3-(trimethylsilyl)-
5,6-dihydropyridine-1(2H)-carboxylate (precursor to 3.25): 803928. The TCI product number for 
1-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (precursor to 3.19) is T2465.  
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3.9.2 Experimental Procedures 
3.9.2.1 Syntheses of Oxadiazinones 
General Procedure A (Preparation of oxadiazinone 3.12 is used as an example). 
 
Oxadiazinone 3.12. To a 60 °C solution of benzohydrazide 3.50 (7.00 g, 51.4 mmol, 1.00 equiv) 
in deionized water (640 mL) and open to air, was added a solution of glyoxylic acid 3.51 (7.72 g, 
51.5 mmol, 1.00 equiv) dissolved in deionized water (645 mL) dropwise over 2 hours. After 
stirring for 2.5 h at 60 °C open to air, the reaction flask was cooled to 23 °C and the products were 
allowed to crystallize overnight. Filtration afforded crude hydrazine 3.52 (15.5 g) as a white solid 
which was carried forward to the next reaction without purification.   
To a solution of hydrazine 3.52 (15.5 g, 57.8 mmol, 1.00 equiv) in THF (580 mL), was 
added EDC • HCl (12.2 g, 63.6 mmol, 1.10 equiv). After stirring at 23 °C for 16.5 h, the reaction 
was concentrated under reduced pressure. The crude reaction mixture was the transferred to a 
separatory funnel using Et2O (200 mL), H2O (200 mL), and a minimal amount of THF to dissolve 
precipitates (150 mL). The layers were then separated and the organic layer was washed 
successively with deionized water (3 x 100 mL) and brine (1 x 100 mL), dried over MgSO4, 
filtered, and concentrated under reduced pressure to yield oxadiazinone 3.12 (10.1 g, 78% yield 
based on 3.50) as a yellow solid. Oxadiazinone 3.12: mp 137–138 °C; Rf 0.41 (9:1 EtOAc:MeOH); 
1H-NMR (400 MHz, CDCl3): δ 8.36–8.32 (m, 2H), 8.32–8.27 (m, 2H), 7.68–7.62 (m, 1H), 7.60–
7.49 (m, 5H); 13C-NMR (100 MHz, CDCl3): δ 157.8, 153.0, 148.4, 133.9, 132.3, 131.2, 129.3, 
129.2, 128.9, 128.4, 127.7; IR (film): 3061, 1685, 1578, 1480, 1257 cm–1; HRMS–APCI (m/z) [M 
N
HN
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Ph
Ph
O
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3.513.50
+
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N
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O
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+ H]+ calcd for C15H11N2O2+, 251.0815; found, 251.0797. Melting point matched those previous 
reported.47 
 
 
Oxadiazinone 3.55. Followed General Procedure A using hydrazide 3.53 (3.00 g, 18.1 mmol) to 
afford oxadiazinone 3.55 (2.00 g, 49% yield over two steps) as a yellow solid after recrystallization 
from hot EtOAc. Oxadiazinone 3.55: mp 178–180 °C; Rf 0.46 (9:1 EtOAc:MeOH); 1H-NMR (500 
MHz, CDCl3): δ 8.33–8.29 (m, 2H), 8.26–8.21 (m, 2H), 7.57–7.53 (m, 1H), 7.53–7.48 (m, 2H), 
7.06–7.02 (m, 2H), 3.91 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 164.3, 157.9, 152.0, 148.6, 131.9, 
131.4, 130.5, 129.0, 128.7, 119.7, 114.8, 55.8; IR (film): 3075, 2846, 1763, 1604, 1258 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C16H13N2O3+, 281.0921; found, 281.0916. IR and HRMS 
matched those previously reported.63 
 
 
Oxadiazinone 3.58. Followed General Procedure A using hydrazide 3.56 (3.00 g, 16.6 mmol) to 
afford oxadiazinone 3.58 (1.32 g, 27% yield over two steps) as a yellow solid after recrystallization 
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from hot EtOAc. Oxadiazinone 3.58: mp 220–224 °C; Rf 0.58 (9:1 EtOAc:MeOH); 1H-NMR (500 
MHz, CDCl3): δ 8.48 (d, J = 8.8, 2H), 8.41 (d, J = 8.8, 2H), 8.35 (d, J = 7.9, 2H), 7.62 (dd, J = 7.3, 
7.3, 1H), 7.54 (dd, J = 7.6, 7.6, 2H); 13C-NMR (125 MHz, CDCl3): δ 155.8, 153.9, 150.9, 147.5, 
133.4, 132.9, 130.7, 129.4, 129.3, 129.0, 124.4; IR (film): 3079, 1775, 1563, 1521, 1350 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C15H10N3O4+, 296.0658; found, 296.0666. Melting point 
and IR spectrum matched those previously reported.64  
 
 
Hydrazone 3.60. Followed General Procedure A using hydrazide 3.59 (3.00 g, 21.1 mmol) to 
afford hydrazone 3.60 (3.80 g, 66% yield) as a white solid. Hydrazone 3.60: mp 186–187 °C; Rf 
0.24 (9:1 EtOAc:MeOH); 1H-NMR (600 MHz, DMSO-d6, 55 °C): δ 12.14 (br s, 1H), 7.97–7.93 
(m, 2H), 7.76–7.72 (m, 2H), 7.48–7.44 (m, 3H), 7.24 (dd, J = 4.9, 3.8, 1H); 13C-NMR (151 MHz, 
DMSO-d6, 65 °C): δ 164.5, 163.2, 134.2, 129.4, 128.9, 128.5, 128.2, 127.9, 127.8, 127.09, 127.05; 
IR (film): 3247, 3109, 3029, 1699, 1404 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C13H11N2O3S+, 275.0485; found, 275.0475.  
 
 
 
N
HN
CO2H
Ph
O
S
3.60
H2O (0.045 M)
60 °C, 2 h
(66% yield)
O CO2H
Ph
NH2
HN O
S
3.513.59
+
 213 
 
Oxadiazinone 3.61. Followed General Procedure A using hydrazone 3.60 (3.00 g, 10.9 mmol) to 
afford oxadiazinone 3.61 (2.30 g, 82% yield) as a yellow solid after recrystallization from hot 
Et2O. Oxadiazinone 3.61: mp 142–143 °C; Rf 0.70 (9:1 EtOAc:MeOH); 1H-NMR (500 MHz, 
CDCl3): δ 8.32–8.28 (m, 2H), 8.00 (dd, J = 3.8, 1.2, 1H), 7.72 (dd, J = 5.0, 1.2, 1H), 7.58–7.54 
(m, 1H), 7.52–7.48 (m, 2H), 7.22 (dd, J = 5.0, 3.8, 1H); 13C-NMR (125 MHz, CDCl3): δ 155.0, 
152.1, 147.8, 134.4, 133.2, 132.1, 131.3, 130.7, 129.1, 128.9, 128.8; IR (film): 3096, 1767, 1561, 
1422, 1152 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C13H9N2O2S+, 257.0379; found, 
257.0371. 
 
3.9.2.2 Syntheses of Pyrone Intermediates. 
General Procedure B (Preparation of pyrones 3.13a and 3.13b is used as an example). 
 
Pyrones 3.13a and 3.13b. To a stirred solution of silyl triflate 3.11 (66 mg, 0.15 mmol, 1.0 equiv) 
and oxadiazinone 3.12 (75 mg, 0.30 mmol, 2.0 equiv) in acetonitrile (1.5 mL) was added CsF (46 
mg, 0.30 mmol, 2.0 equiv) in one portion. The reaction was purged with nitrogen for ten minutes 
before being sealed with a Teflon cap and left to stir at 23 °C. After 15 h, the reaction mixture was 
filtered through celite (monster pipette, ~4 cm tall) with EtOAc (~10 mL) as the eluent and then 
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concentrated under reduced pressure. Purification of the crude material via flash chromatography 
(Yamazen, 8g SiO2, 100% hexanes → 3:2 hexanes:EtOAc) afforded pyrones 3.13a and 3.13b 
(48.4 mg, 74% yield) as a light yellow foam. Pyrones 3.13a and 3.13b: Rf 0.13 (5:1 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.66–7.59 (m, 5H), 7.57–7.52 (m, 6H), 
7.50–7.41 (m, 7H), 7.37–7.28 (m, 12H), 5.07 (s, 4H), 4.53 (s, 2H, 3.13a), 4.35 (s, 2H, 3.13b), 
3.57–3.49 (m, 4H), 2.82 (t, J = 6.4, 2H, 3.13b), 2.72 (t, J = 6.5, 2H, 3.13a); HRMS–APCI (m/z) 
[M + H]+ calcd for C28H24NO4+, 438.1700; found, 438.1683. 
 
General Procedure C (Preparation of pyrone 3.13a is used as an example). 
 
Pyrone 3.13a. To a solution of pyrones 3.13a and 3.13b (66 mg, 0.15 mmol, 1:1 ratio of 
regioisomers, 1.0 equiv) in acetonitrile (0.4 mL) was added CsF (57 mg, 0.37 mmol, 5.0 equiv) in 
one portion. The reaction was purged with nitrogen for ten minutes before being left to stir at 23 
°C. After 12 h, the reaction mixture was filtered through celite (monster pipette, ~4 cm tall) with 
EtOAc (~10 mL) as the eluent and then concentrated under reduced pressure. Purification of the 
crude material via flash chromatography (Isco, 12g SiO2, 100% hexanes → 100% EtOAc) afforded 
pyrone 3.13a (29.8 mg, 45% recovery) as a light yellow foam. Pyrone 3.13a: Rf 0.13 (5:1 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.62–7.53 (m, 5H), 7.50–7.30 (m, 10H), 
5.07 (s, 2H), 4.53 (s, 2H), 3.52 (t, J = 6.4, 4H), 2.72 (t, J = 6.4, 2H); 13C-NMR (125 MHz, CD3CN): 
δ 162.6, 156.2, 152.5, 138.4, 135.3, 133.1, 131.6, 131.3, 130.0, 129.9, 129.7, 129.6, 129.3, 129.1, 
O
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Ph
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(45% recovery)
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128.8, 125.1, 118.3, 113.5, 68.0, 42.3, 42.1, 28.2; IR (film): 3062, 3029, 2952, 1700, 1234 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C28H24NO4+, 438.1700; found, 438.1691. 
Note: Substantial amount of insoluble white solid was formed during the reaction. It believed 
that isomer 3.13b decomposes under the reaction conditions to give this amorphous polymeric 
material. The mechanism of decomposition is not known at this time. % recovery is defined as 
follows: %	#$%&'$#( = *+,-	./01-,	1200.3.4.25	1.64+,-	1200 	7	100. For example:  :;.=	1>??.@	1> 7	100 =	45% recovery. 
 
 
Pyrones 3.28a and 3.28b. Followed General Procedure B using silyl triflate 3.11 (66 mg, 0.15 
mmol, 1.0 equiv) afforded pyrones 3.28a and 3.28b (62% yield, average of two experiments) as a 
yellow foam. Pyrones 3.28a and 3.28b: Rf 0.52 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 60 °C): δ 7.60–7.52 (m, 5H), 7.50–7.39 (m, 6H), 7.37–7.28 (m, 11H), 7.18–7.13 (m, 2H), 
7.09–7.04 (m, 4H), 5.09–5.04 (m, 4H), 4.55–4.51 (m, 3H), 4.34 (s, 1H), 3.89–3.86 (m, 7H), 3.56–
3.48 (m, 4H), 2.95 (t, J = 6.5, 2H), 2.71 (t, J = 6.5, 2H); HRMS–APCI (m/z) [M + H]+ calcd for 
C29H26NO5+, 468.1806; found, 468.1774. 
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Pyrone 3.28a. Followed General Procedure C using pyrones 3.28a and 3.28b (90 mg, 0.193 mmol, 
2.4:1 ratio of regioisomers) afforded pyrone 3.28a (65.0 mg, 72% recovery) as a yellow foam. 
Pyrone 3.28a: Rf 0.52 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.58–7.52 (m, 
2H), 7.49–7.44 (m, 2H), 7.43–7.39 (m, 1H), 7.36–7.24 (m, 7H), 7.10–7.04 (m, 2H), 5.07 (s, 2H), 
4.54 (s, 2H), 3.89 (s, 3H), 3.51 (t, J = 6.4, 2H), 2.71 (t, J = 6.4, 2H); 13C-NMR (125 MHz, CD3CN, 
60 °C): δ (22 of 23 signals observed) 162.62, 162.59, 156.2, 152.6, 138.4, 135.3, 131.5, 131.3, 
129.6, 129.5, 129.2, 129.1, 128.8, 125.3, 124.4, 115.6, 112.8, 68.0, 56.5, 42.3, 42.1, 28.2; IR (film): 
3032, 2937, 2837, 1697, 1255 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C29H26NO5+, 
468.1806; found, 468.1784. 
 
 
Pyrones 3.29a and 3.29b. Followed General Procedure B using silyl triflate 3.11 (66 mg, 0.15 
mmol, 1.0 equiv) afforded pyrones 3.29a and 3.29b (68% yield, average of two experiments) as a 
yellow foam. Pyrones 3.29a and 3.29b: Rf 0.17 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 70 °C): δ 8.36–8.28 (m, 4H), 7.89–7.79 (m, 4H), 7.52–7.41 (m, 7H), 7.37–7.27 (m, 13H), 
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5.07 (s, 4H), 4.53 (s, 2H, 3.29a), 4.37 (s, 2H, 3.29b), 3.58–3.52 (m, 4H), 2.84 (t, J = 6.3, 2H, 
3.29b), 2.75 (t, J = 6.6, 2H 3.29a); HRMS–APCI (m/z) [M + H]+ calcd for C28H23N2O6+, 483.1551; 
found, 483.1538. 
 
 
Pyrone 3.29a. Followed General Procedure C using pyrones 3.29a and 3.29b (115 mg, 0.236 
mmol, 1.5:1 ratio of regioisomers) afforded pyrone 3.29a (71 mg, 62% recovery) as a yellow foam. 
Pyrone 3.29a: Rf 0.17 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 70 °C): δ 8.35–8.28 (m, 
2H), 7.86–7.79 (m, 2H), 7.52–7.41 (m, 4H), 7.37–7.30 (m, 6H), 5.07 (s, 2H), 4.54 (s, 2H), 3.57–
3.52 (m, 2H), 2.78–2.72 (m, 2H); 13C-NMR (125 MHz, CD3CN, 70 °C): (17 of 22 signals 
observed) δ 160.7, 150.8, 137.5, 133.7, 129.88, 129.87, 128.4, 128.3, 128.2, 127.9, 127.6, 125.1, 
123.8, 66.9, 41.0, 40.7, 27.0; IR (film): 3061, 2948, 1699, 1520, 1342 cm–1; HRMS–APCI (m/z) 
[M + H]+ calcd for C28H23N2O6+, 483.1551; found, 483.1546. 
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Pyrones 3.30a and 3.30b. Followed General Procedure B using silyl triflate 3.11 (66 mg, 0.15 
mmol, 1.0 equiv) afforded pyrones 3.30a and 3.30b (66% yield, average of two experiments) as a 
yellow foam. Pyrones 3.30a and 3.30b: Rf 0.18 (5:1 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 60 °C): δ 7.72–7.69 (m, 3H), 7.56–7.54 (m, 2H), 7.53–7.45 (m, 8H), 7.44–7.40 (m, 3H), 
7.36–7.29 (m, 12H), 5.07 (s, 4H), 4.50 (s, 2H, 3.30a), 4.35 (s, 2H, 3.30b), 3.56–3.49 (m, 4H), 2.80 
(t, J = 6.3, 2H, 3.30b), 2.72 (t, J = 6.6, 2H, 3.30a); HRMS–APCI (m/z) [M + H]+ calcd for 
C28H23BrNO4+, 516.0805; found, 516.0796. 
 
 
Pyrone 3.30a. Followed General Procedure C using pyrones 3.30a and 3.30b (40.0 mg, 0.0775 
mmol, 1.3:1 ratio of regioisomers) afforded pyrone 3.30a (17 mg, 43% recovery) as a yellow foam. 
Crystals suitable for X-ray diffraction studies were obtained by concentration of pyrone 3.30a from 
a mixture of hexanes and EtOAc (CCDC #1876924). Pyrone 3.30a: mp 71–74 °C; Rf 0.18 (5:1 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.72–7.67 (m, 2H), 7.54–7.45 (m, 4H), 
7.45–7.40 (m, 1H), 7.38–7.23 (m, 7H), 5.07 (s, 2H), 4.51 (s, 2H), 3.52 (t, J = 6.5, 2H), 2.72 (t, J = 
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6.5, 2H); 13C-NMR (125 MHz, CD3CN, 60 °C): (20 of 27 observed) δ 162.3, 154.8, 152.3, 135.1, 
134.3, 133.2, 132.1, 131.7, 131.2, 129.6, 129.5, 129.32, 129.27, 129.1, 128.8, 125.4, 113.9, 68.0, 
42.3, 41.9; IR (film): 3057, 2924, 2854, 1700, 1417, 1235 cm–1; HRMS–APCI (m/z) [M + H]+ 
calcd for C28H23BrNO4+, 516.0805; found, 516.0772.  
 
 
Pyrones 3.31a and 3.31b. Followed General Procedure B using silyl triflate 11 (66 mg, 0.150 
mmol, 1.0 equiv) afforded pyrones 3.31a and 3.31b (84% yield, average of two experiments) as a 
yellow foam. Pyrones 3.31a and 3.31b: Rf 0.62 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 60 °C): 3.31a: δ 7.72 (dd, J = 5.1, 1.1, 1H), 7.56–7.52 (m, 1H), 7.49–7.44 (m, 2H), 7.44–
7.39 (m, 1H), 7.38–7.27 (m, 7H), 7.26–7.22 (m, 1H), 5.13 (s, 2H), 4.71 (s, 2H), 3.54 (t, J = 6.2, 
2H), 2.66 (t, J = 6.2, 2H); 3.31b: δ 7.70 (dd, J = 5.1, 1.1, 1H), 7.61 (dd, J = 3.8, 1.1, 1H), 7.49–
7.44 (m, 2H), 7.44–7.39 (m, 1H), 7.38–7.27 (m, 7H), 7.26–7.22 (m, 1H), 5.07 (s, 2H), 4.32 (s, 
2H), 3.65 (t, J = 6.2, 2H), 2.95 (t, J = 6.2, 2H); HRMS–APCI (m/z) [M + H]+ calcd for 
C26H22NO4S+, 444.1264; found, 444.1254. 
 
 
CsF (2.0 equiv)
CH3CN, 23 °C, 18 h
(84% yield, 2.1:1 ratio)
N
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S S S
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Pyrone 3.31a. Followed General Procedure C using pyrones 3.31a and 3.31b (160 mg, 0.361 
mmol, 2.1:1 ratio of regioisomers) afforded pyrone 3.31a (81 mg, 51% recovery) as a yellow foam. 
Pyrone 3.31a: Rf 0.62 (1:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.72 (dd, J = 
5.0, 0.9, 1H), 7.56–7.52 (m, 1H), 7.49–7.44 (m, 2H), 7.44–7.39 (m, 1H), 7.38–7.29 (m, 7H), 7.26–
7.22 (m, 1H), 5.13 (s, 2H), 4.71 (s, 2H), 3.54 (t, J = 6.2, 2H), 2.66 (t, J = 66.2, 2H); 13C-NMR (125 
MHz, CD3CN, 60 °C): δ 161.6, 152.2, 150.4, 138.4, 135.2, 135.0, 131.2, 131.0, 130.8, 129.7, 
129.5, 129.4, 129.3, 129.1, 128.8, 125.0, 112.4, 68.1, 42.8, 41.8, 28.7; IR (film): 3032, 2925, 2854, 
1700, 1418 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C26H22NO4S+, 444.1264; found, 
444.1240. 
 
3.9.2.3 Syntheses of Tricyclic Products 
General Procedure D (Preparation of cycloadduct 3.18 is used as an example).  
 
Cycloadduct 3.18. To a stirred solution of pyrone 3.13a (44 mg, 0.10 mmol, 1.0 equiv) and silyl 
triflate 3.32 (60 mg, 0.20 mmol, 2.0 equiv) in acetonitrile (1.0 mL) was added CsF (76 mg, 0.50 
mmol, 5.0 equiv) in one portion. The reaction was purged with nitrogen for ten minutes before 
being sealed with a Teflon cap and left to stir at 23 °C. After 14 h, the reaction mixture was filtered 
O
O
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O
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3.31a 3.31b
CsF (5.0 equiv)
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(51% recovery)
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3.13a 3.18
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through celite (monster pipette, ~4 cm tall) with EtOAc (~10 mL) as the eluent and then 
concentrated under reduced pressure. Purification of the crude material via flash chromatography 
(7:3 hexanes:EtOAc) afforded cycloadduct 3.18 (83% yield, average of two experiments) as a light 
yellow foam. Cycloadduct 3.18: Rf 0.57 (5:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 
°C): δ 7.61–7.50 (m, 6H), 7.41–7.30 (m, 12H), 5.05 (s, 2H), 4.48 (s, 2H), 3.59 (t, J = 6.3, 2H), 
2.77 (t, J = 6.3, 2H); 13C-NMR (125 MHz, CD3CN, 60 °C): δ 140.2, 139.5, 138.9, 138.6, 137.5, 
132.9, 132.8, 132.6, 131.5, 131.4, 131.2, 130.0, 129.8, 129.6, 129.0, 128.9, 128.7, 127.2, 127.1, 
126.8, 126.6, 67.7, 45.9, 43.1, 28.8; IR (film): 3062, 2935, 2887, 1698, 1233 cm–1; HRMS–APCI 
(m/z) [M + Na]+ calcd for C33H27NO2Na+, 492.1934; found, 492.1898.  
 
 
Cycloadducts 3.20a and 3.20b. Followed General Procedure D using pyrone 3.13a (44 mg, 0.100 
mmol, 1.0 equiv) afforded, after purification via flash chromatography (Biotage 10g SiO2, 19:1 → 
2:3 hexanes:EtOAc), cycloadducts 3.20a and 3.20b (89% yield, 1.4:1 ratio of regioisomers, 
average of two experiments) as a yellow foam. Cycloadducts 3.20a and 3.20b: Rf 0.37 (5:2 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.79 (dd, J = 7.5, 1.6, 2H), 7.63–7.48 
(m, 18H), 7.42–7.38 (m, 2H), 7.37–7.28 (m, 18H), 7.05–7.00 (m, 2H), 5.08–5.03 (m, 4H), 4.45 (s, 
4H), 3.63–3.56 (m, 4H), 2.75–2.69 (m, 4H); 13C-NMR (125 MHz, CD3CN): δ (52 of 62 signals 
observed) 156.3, 144.3, 143.6, 140.8, 140.4, 140.1, 139.7, 138.7, 138.6, 134.8, 134.6, 134.5, 133.6, 
133.5, 132.23, 132.16, 131.8, 131.7, 131.4, 131.2, 131.00, 130.95, 130.83, 130.80, 130.1, 130.0, 
129.7, 129.64, 129.60, 129.3, 129.1, 129.01, 128.97, 128.9, 128.70, 128.68, 128.5, 128.3, 128.2, 
CsF (5.0 equiv)
CH3CN, 23 °C, 14 h
(89% yield, 1.4:1 ratio)
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127.2, 127.1, 126.3, 126.19, 126.18, 126.0, 67.7, 46.6, 46.2, 43.0, 42.7, 29.4, 29.0; IR (film): 3055, 
2939, 2889, 1698, 1235 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C37H30NO2+, 520.2271; 
found, 520.2242.  
Note: All peaks in the 1H-NMR spectrum of 3.20a and 3.20b were overlapping. However, the 
ratio of the two compounds was determined via deconvolution of the peaks at 5.06 and 5.04 ppm. 
 
 
Cycloadducts 3.22a and 3.22b. Followed General Procedure D using pyrone 3.13a (44 mg, 0.100 
mmol, 1.0 equiv) afforded, after purification via flash chromatography (Isco 4g gold SiO2, 100% 
hexanes → 100% EtOAc), cycloadducts 3.22a and 3.22b (70% yield, average of two experiments) 
as a yellow foam. Cycloadducts 3.22a and 3.22b: Rf 0.38 (5:2 hexanes:EtOAc); 1H-NMR (500 
MHz, CD3CN, 60 °C): δ 9.44 (br s, 2H), 7.63–7.41 (m, 15H), 7.38–7.21 (m, 17H), 7.11 (dd, J = 
9.0, 6.1, 2H), 6.91 (dd, J = 2.9, 2.9, 2H), 5.08–5.02 (m, 6H), 4.46 (s, 2H), 4.44 (s, 2H), 3.60 (t, J 
= 6.1, 4H), 2.75–2.68 (m, 4H); 13C-NMR (125 MHz, CD3CN, 60 °C): (47 of 58 signals observed) 
δ 156.4, 143.4, 142.6, 141.7, 141.0, 139.9, 138.6, 138.3, 137.8, 134.6, 134.4, 132.5, 131.4, 131.23, 
131.19, 131.2, 131.1, 130.5, 130.3, 129.9, 129.8, 129.6, 129.3, 129.0, 128.94, 128.89, 128.63, 
128.62, 128.58, 128.4, 128.2, 127.5, 127.1, 122.9, 122.74, 122.68, 122.0, 121.9, 114.4, 114.3, 
105.9, 105.8, 67.7, 46.2, 46.1, 43.12, 43.08; IR (film): 3321, 3054, 2937, 1681, 1239 cm–1; HRMS–
APCI (m/z) [M – Cbz + H] + calcd for C27H23N2+, 375.1856; found, 375.1834.  
Note: All peaks in the 1H-NMR spectrum of 3.22a and 3.22b were overlapping. However, the 
ratio of the two compounds was determined via deconvolution of the peaks at 4.46 and 4.44 ppm. 
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Cycloadduct 3.24. Followed General Procedure D using pyrone 3.13a (44 mg, 0.100 mmol, 1.0 
equiv) afforded, after purification via flash chromatography (Biotage 10g SiO2, 19:1 → 2:3 
hexanes:EtOAc), cycloadduct 3.24 (71% yield, average of two experiments) as a yellow foam. 
Cycloadduct 3.24: Rf 0.54 (5:2 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.51–
7.45 (m, 4H), 7.44–7.29 (m, 6H), 7.28–7.24 (m, 1H), 7.17–7.13 (m, 4H), 5.03 (s, 2H), 4.16 (s, 
2H), 3.49 (t, J = 6.0, 2H), 2.42 (t, J = 6.0, 2H), 2.36–2.31 (m, 4H), 1.64–1.59 (m, 4H); 13C-NMR 
(125 MHz, CD3CN, 60 °C): (24 of 27 signals observed) δ 156.3, 141.9, 141.5, 140.8, 134.8, 134.4, 
131.3, 130.4, 130.24, 130.17, 130.0, 129.8, 129.6, 128.9, 128.3, 128.0, 67.6, 46.0, 42.7, 31.0, 29.7, 
29.4, 23.88, 23.85; IR (film): 3054, 2932, 2857, 1702, 1434 cm–1; HRMS–APCI (m/z) [M + H]+ 
calcd for C33H32NO2+, 474.2428; found, 474.2318. 
 
 
Cycloadducts 3.14a and 3.14b. Followed General Procedure D using pyrone 3.13a (44 mg, 0.100 
mmol, 1.0 equiv) afforded, after purification via flash chromatography (Biotage 10g SiO2, 19:1 → 
2:3 hexanes:EtOAc), cycloadducts 3.14a and 3.14b (60% yield, 1.4:1 ratio of regioisomers, 
average of two experiments) as a yellow foam. Cycloadducts 3.14a and 3.14b: Rf 0.27 (5:2 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 70 °C): δ 7.54–7.41 (m, 12H), 7.38–7.22 (m, 20H), 
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7.21–7.14 (m, 8H) 5.04 (s, 8H), 4.23 (s, 4H), 4.21 (s, 4H), 3.51 (t, J = 6.0, 8H), 2.52–2.44 (m, 8H); 
13C-NMR (125 MHz, CD3CN, 70 °C): (31 of 37 signals observed) δ 156.4, 141.8, 140.6, 140.0, 
139.9, 139.2, 138.7, 138.3, 132.9, 132.5, 131.7, 131.2, 130.6, 130.4, 130.3, 130.2, 130.1, 129.9, 
129.6, 129.1, 129.01, 128.96, 128.70, 128.68, 128.5, 67.7, 46.1, 45.9, 42.7, 28.6, 28.3; IR (film): 
3057, 3030, 2937, 1697, 1232 cm–1; HRMS–APCI (m/z) [M – Cbz] •– calcd for C32H29N2O2•–, 
473.2224; found, 473.2201. 
Note: All peaks in the 1H-NMR spectrum of 3.14a and 3.14b were overlapping. However, the 
ratio of the two compounds was determined via deconvolution of the peaks at 4.23 and 4.21 ppm. 
 
 
Cycloadduct 3.27a and 3.27b. Followed General Procedure D using pyrone 3.13a (28 mg, 0.065 
mmol, 1.0 equiv) afforded, after purification via preparative thin layer chromatography (5:2 
hexanes:EtOAc), cycloadducts 3.27a and 3.27b (62% yield, average of two experiments) as a 
yellow foam. Cycloadducts 3.27a and 3.27b: Rf 0.57 (9:1 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 60 °C): δ 7.53–7.46 (m, 8H), 7.46–7.39 (m, 4H), 7.36–7.29 (m, 6H), 7.28–7.22 (m, 3H), 
7.21–7.15 (m 8H), 5.03 (s, 4H), 4.31 (s, 2H), 4.30 (s, 2H), 4.21 (s, 2H), 4.20 (s, 2H), 3.77–3.73 
(m, 4H), 3.51 (t, J = 6.1, 4H), 2.49–2.43 (m, 4H), 2.42–2.37 (m, 4H); 13C-NMR (125 MHz, 
CD3CN, 70 °C): (44 of 52 signals observed) δ 156.4, 142.0, 140.6, 140.2, 139.9, 139.5, 139.0, 
138.8, 138.7, 137.2, 132.8, 132.6, 132.3, 132.1, 131.5, 131.4, 131.0, 130.9, 130.5, 130.4, 130.3, 
130.2, 130.14, 130.12, 130.0, 129.9, 129.6, 129.0, 128.9, 128.7, 128.63, 128.62, 128.4, 68.2, 68.0, 
CsF (5.0 equiv)
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(62% yield, 1.5:1 ratio)
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67.7, 65.89, 65.88, 46.0, 45.7, 42.70, 42.68, 28.7, 28.5; IR (film): 3057, 2954, 2850, 1698, 1231 
cm–1; HRMS–APCI (m/z) [M + K]+ calcd for C32H29NO3K+, 514.1779; found, 514.1752.  
Note: All peaks in the 1H-NMR spectrum of 3.27a and 3.27b were overlapping. However, the 
ratio of the two compounds was determined via deconvolution of the peaks at 4.21 and 4.20 ppm. 
 
 
Cycloadduct 3.33. Followed General Procedure D using pyrone 3.28a (21 mg, 0.045 mmol, 1.0 
equiv) afforded, after purification via preparative thin layer chromatography (4:1 hexanes:EtOAc), 
cycloadduct 3.33 (87% yield, average of two experiments) as a yellow foam. Cycloadduct 3.33: 
Rf 0.41 (4:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.60–7.55 (m, 2H), 7.53–
7.49 (m, 1H), 7.46–7.42 (m, 1H), 7.40–7.26 (m, 10H), 7.25–7.21 (m, 2H), 7.15–7.09 (m, 2H), 5.06 
(s, 2H), 4.50 (s, 2H), 3.92 (s, 3H), 3.58 (t, J = 6.2, 2H), 2.76 (t, J = 6.2, 2H); 13C-NMR (125 MHz, 
CD3CN, 60 °C): (25 of 28 signals observed) δ 160.6, 156.3, 140.2, 138.7, 138.6, 137.2, 132.9, 
132.8, 132.4, 131.9, 131.4, 129.8, 129.6, 129.0, 128.7, 128.6, 127.2, 127.1, 126.7, 126.5, 115.5, 
67.7, 56.3, 45.9, 43.1; IR (film): 3063, 3031, 2934, 1697, 1243 cm–1; HRMS–APCI (m/z) [M + 
K]+ calcd for C34H29NO3K+, 538.1779; found, 538.1752. 
 
CsF (5.0 equiv)
CH3CN, 23 °C, 14 h
(87% yield)
Me3Si
TfO CbzN
Ph
+
3.32
(2.0 equiv)
3.33
O
O
Ph
CbzN
OMe
3.28a
OMe
 226 
 
Cycloadduct 3.34. Followed General Procedure D using pyrone 3.29a (27 mg, 0.056 mmol, 1.0 
equiv) afforded, after purification via flash chromatography (Isco 4g gold SiO2, 1:1 
hexanes:EtOAc), cycloadduct 3.34 (69% yield, average of two experiments) as a yellow foam. 
Cycloadduct 3.34: Rf 0.63 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 70 °C): δ 8.41–
8.33 (m, 2H), 7.62–7.50 (m, 5H), 7.46–7.41 (m, 1H), 7.40–7.25 (m, 10H), 5.05 (s, 2H), 4.46 (s, 
2H), 3.60 (t, J = 6.1, 2H), 2.79 (t, J = 6.1, 2H); 13C-NMR (125 MHz, CD3CN, 70 °C): (22 of 27 
observed) δ 146.8, 140.0, 139.9, 133.04, 132.97, 132.8, 131.9, 131.8, 131.4, 129.9, 129.6, 129.1, 
128.82, 128.80, 127.5, 127.1, 126.7, 125.1, 67.9, 45.7, 43.1, 28.7; IR (film): 3062, 2839, 2862, 
1699, 1518, 1348 cm–1; HRMS–APCI (m/z) [M – Cbz]– calcd for C25H19N2O2–, 379.1441; found, 
379.1432.  
 
 
Cycloadduct 3.35. Followed General Procedure D using pyrone 3.30a (21 mg, 0.041 mmol, 1.0 
equiv) afforded, after purification via flash chromatography (Biotage 10g SiO2, 5:1 
hexanes:EtOAc), cycloadduct 3.35 (92% yield, average of two experiments) as a yellow foam. 
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Cycloadduct 3.35: Rf 0.50 (4:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.76–
7.71 (m, 2H), 7.60–7.51 (m, 3H), 7.42–7.23 (m, 13H), 5.05 (s, 2H), 4.47 (s, 2H), 3.62–3.57 (m, 
2H), 2.79–2.74 (m, 2H); 13C-NMR (125 MHz, CD3CN, 60 °C): δ 156.3, 140.0, 139.3, 138.6, 138.5, 
136.0, 133.3, 133.1, 132.9, 132.8, 132.3, 131.7, 131.6, 131.3, 129.8, 129.6, 129.0, 128.7, 127.3, 
126.91, 126.90, 126.8, 122.6, 67.8, 45.7, 43.1, 28.7; IR (film): 3062, 3032, 2929, 1700, 1215 cm–
1; HRMS–APCI (m/z) [M – Cbz]– calcd for C25H19BrN–, 412.0695; found, 412.0669. 
 
 
Cycloadduct 3.36. Followed General Procedure D using pyrone 3.31a (38 mg, 0.086 mmol, 1.0 
equiv) afforded, after purification via flash chromatography (Isco gold 4g SiO2, 1:1 
hexanes:EtOAc), cycloadduct 3.36 (87% yield, average of two experiments) as a yellow foam. 
Cycloadduct 3.36: Rf 0.78 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.68–
7.66 (m, 1H), 7.61–7.55 (m, 3H), 7.53–7.49 (m, 1H), 7.42–7.33 (m, 5H), 7.32–7.29 (m, 2H), 7.10–
7.07 (m, 1H), 5.08 (s, 2H), 4.62 (s, 2H), 3.59 (t, J = 6.2, 2H), 2.74 (t, J = 6.2, 2H); 13C-NMR (125 
MHz, CD3CN, 60 °C): δ 156.3, 140.2, 139.9, 139.1, 138.5, 134.2, 133.7, 132.8, 132.7, 131.2, 
129.9, 129.8, 129.6, 129.5, 129.0, 128.8, 128.72, 128.69, 128.2, 127.2, 127.00, 126.98, 126.8, 67.7, 
45.9, 43.0, 28.8; IR (film): 3064, 2939, 2888, 1697, 1420 cm–1; HRMS–APCI (m/z) [M – Cbz]– 
calcd for C23H18NS–, 340.1155; found, 340.1133. 
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3.9.2.4 One-Pot Three-Component Coupling 
 
Cycloadduct 3.18. A solution of silyl triflate 3.11 (25.0 mg, 0.057 mmol, 1.0 equiv), oxadiazinone 
3.12 (14.3 mg, 0.057 mmol, 1.0 equiv), and silyl triflate 3.32 (17.0 mg, 0.057 mmol, 1.0 equiv) in 
acetonitrile (5.7 mL) was purged with nitrogen for 10 min. Then, CsF (26.0 mg, 0.171 mmol, 3.0 
equiv) was added and the reaction was allowed to stir at 23 °C for 14 h. Upon completion of the 
reaction, it was filtered through celite (monster pipette, ~4 cm tall) using CH2Cl2 (~10 mL) as the 
eluent and concentrated under reduced pressure. The crude residue was purified using preparative 
thin layer chromatography (100% benzene) to afford cycloadduct 3.18 (15.0 mg, 56% yield) as a 
yellow oil. Spectral data matched those previously reported for 3.18 (see page 221). 
 
3.9.2.5 Synthesis of Four Coordinate Products 
 
Hydrazone 3.67. Followed General Procedure A using hydrazide 3.53 (0.500 g, 3.20 mmol) to 
afford hydrazone 3.67 (0.820 g, 84% yield) as a tan solid. Hydrazone 3.67: mp 172–173 °C; Rf 
0.26 (9:1 EtOAc:MeOH); 1H-NMR (500 MHz, DMSO-d6): δ 12.88 (br s, 1H), 7.86–7.82 (m, 2H), 
7.67 (dd, J = 3.6, 1.0, 1H), 7.63 (dd, J = 5.0, 1.1, 1H), 7.13–7.08 (m, 3H), 3.85 (s, 3H); 13C-NMR 
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(125 MHz, DMSO-d6): (9 of 12 signals observed) δ 163.1, 162.5, 139.0, 129.4, 128.9, 127.8, 124.7, 
114.2, 55.5; IR (film): 3210, 3012, 2838, 1691, 1483 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C14H13N2O4S+, 305.0591; found, 305.0595. 
 
 
Oxadiazinone 3.37. Followed General Procedure A using hydrazone 3.67 (0.750 g, 3.20 mmol) 
to afford oxadiazinone 3.37 (0.550 g, 78% yield) as a yellow solid after recrystallization from hot 
EtOAc. Oxadiazinone 3.37: mp 146–147 °C; Rf 0.67 (5:2 hexanes:EtOAc); 1H-NMR (500 MHz, 
CDCl3): δ 8.31 (dd, J = 3.8, 1.1, 1H), 8.22–8.18 (m, 2H), 7.61 (dd, J = 5.1, 1.1, 1H), 7.19 (dd, J = 
5.1, 3.8, 1H), 7.04–7.00 (m, 2H), 3.90 (s, 3H); 13C-NMR (125 MHz, CDCl3): δ 164.2, 156.9, 147.9, 
147.8, 135.0, 133.3, 132.5, 130.3, 128.8, 119.9, 114.8, 55.7; IR (film): 3123, 3076, 2847, 1750, 
1603 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C14H11N2O3S+, 287.0485; found, 287.0470. 
 
 
N
HN
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O
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EDC • HCl (1.1 equiv)
THF (0.1 M), 23 °C, 18 h
(78% yield)
OMe
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O
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Pyrones 3.38 and 3.68. Followed General Procedure B using silyl triflate 3.11 (680 mg, 1.55 
mmol, 1.0 equiv) afforded pyrones 3.38 and 3.68 (69% yield, 1.4:1 ratio of regioisomers) as a 
yellow oil. Pyrones 3.38 and 3.68: Rf 0.24 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 
°C): δ 7.61–7.52 (m, 5H), 7.50–7.38 (m, 10H), 7.37–7.27 (m, 16H), 7.09–7.04 (m, 5H), 5.08–5.04 
(m, 4H), 4.54 (s, 2H), 4.34 (s, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.56–3.48 (m, 4H), 2.83 (t, J = 6.4, 
2H), 2.71 (t, J = 6.4, 2H); HRMS–APCI (m/z) [M + H]+ calcd for C27H24NO5S+, 474.1370; found, 
474.1362. 	
	
Pyrone 3.38. Followed General Procedure C using pyrones 3.38 and 3.68 (85 mg, 0.179 mmol, 
1.0 equiv) afforded pyrone 3.38 (54 mg, 64% yield) as a yellow oil. Pyrone 3.38: Rf 0.24 (7:3 
hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.57–7.52 (m, 3H), 7.36–7.24 (m, 5H), 
7.17 (dd, J = 3.6, 1.3, 1H), 7.16–7.13 (m, 1H), 7.09–7.04 (m, 2H), 5.07 (s, 2H), 4.53 (s, 2H), 3.88 
CsF (2.0 equiv)
CH3CN, 23 °C, 18 h
(69% yield, 1.4:1 ratio)
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(s, 3H), 3.54 (t, J = 6.5, 2H), 2.95 (t, J = 6.5, 2H),; 13C-NMR (125 MHz, CD3CN, 60 °C): (21 of 
23 observed) δ 162.7, 162.1, 156.4, 153.9, 138.4, 135.4, 131.5, 130.6, 129.6, 129.1, 128.8, 128.6, 
127.8, 125.1, 117.6, 115.5, 112.9, 68.0, 56.5, 42.14, 42.10, 28.7; IR (film): 3072, 2937, 1699, 
1507, 1257 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C27H24NO5S+, 474.1370; found, 
474.1334. 
Note: Pyrone 3.38 could be directly accessed in one step from silyl triflate 3.11 and 
oxadiazinone 3.37 using 5.0 equiv of CsF. This reaction results in a 41% yield (as shown in  
Figure 3.7) of pyrone 3.38 as a single regioisomer. 		
	
Cycloadducts 3.69a and 3.69b. Followed General Procedure D using pyrone 3.38 (200 mg, 0.422 
mmol, 1.0 equiv) afforded, after purification via flash chromatography (7:3 hexanes:EtOAc), 
cycloadducts 3.69a and 3.69b (78% yield, 1:1 ratio of regioisomers) as a yellow oil. Cycloadducts 
3.69a and 3.69b: Rf 0.25 (3:1 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 9.48 (br s, 
2H), 7.69 (dd, J = 5.2, 1.2, 1H), 7.63 (dd, J = 5.2, 1.2, 1H), 7.52 (dd, J = 9.2, 0.8, 1H), 7.48 (dd, J 
= 9.1, 1.0, 1H), 7.37–7.25 (m. 12H), 7.23–7.19 (m, 4H), 7.17–7.08 (m, 5H), 7.06–7.04 (m, 2H), 
7.03–7.01 (m, 1H), 6.96–6.94 (m, 1H), 5.31–5.29 (m, 1H), 5.16–5.13 (m, 1H), 5.08–5.04 (m, 4H), 
5.48–5.42 (m, 4H), 3.94 (s, 3H), 3.91 (s, 3H), 3.65–3.60 (m, 4H), 2.92–2.80 (m, 4H); 13C-NMR 
(125 MHz, CDCl3, 60 °C): (57 of 60 observed) δ 159.7, 159.3, 155.1, 142.5, 140.5, 138.2, 134.1, 
CsF (5.0 equiv)
CH3CN, 23 °C, 18 h
(78% yield, 1:1 ratio)
TfO
Me3Si CbzN
+
3.39
(2.0 equiv)
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O
O
CbzN
OMe
3.38
OMe
S S
NH
NH
CbzN
3.69b
OMe
S
+ NH
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133.6, 133.3, 133.2, 131.4, 131.00, 130.97, 130.71, 130.70, 130.6, 130.4, 130.3, 129.1, 128.6, 
128.37, 128.36, 128.2, 128.1, 127.86, 127.85, 127.8, 127.73, 127.69, 127.54, 127.53, 127.44, 
127.44, 127.43, 127.36, 126.6, 126.4, 126.3, 121.9, 121.7, 121.3, 120.8, 120.4, 114.8, 114.2, 113.6, 
113.1, 104.7, 104.3, 66.46, 66.45, 55.2, 55.1, 44.9, 44.8, 41.8, 41.7; IR (film): 3416, 3032, 2931, 
1678, 1244 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C34H29N2O3S+, 545.1893; found, 
545.1887. 	
	
Cycloadducts 3.40a and 3.40b. To a solution of NaH (33.0 mg, 60% w/w dispersion in mineral 
oil, 0.826 mmol, 3.0 equiv) in THF (5.0 mL) at 0 °C, was cannula transferred a 0 °C solution of 
cycloadducts 3.69a and 3.69b (150 mg, 0.275 mmol, 1.0 equiv) in THF (14.0 mL) dropwise over 
3 minutes. The reaction was allowed to warm to 23 °C and stirred for 1 h before being cooled back 
down to 0 °C. Then, TIPSCl (0.880 mL, 0.413 mmol, 1.5 equiv) was added to the reaction mixture 
dropwise over 5 minutes at 0 °C. The reaction was allowed to warm 23 °C and stirred for 18 h, 
before being quenched with saturated ammonium chloride (2.0 mL) and deionized water (10.0 
mL). The layers were transferred to a separatory funnel and the aqueous layer was extracted with 
diethyl ether (3 x 10 mL). The combined organic layers were then washed with brine (1 x 10 mL), 
dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was 
purified via flash chromatography (7:3 hexanes:EtOAc) to afford cycloadducts 3.40a and 3.40b 
(155 mg, 80% yield, 1:1 ratio of regioisomers) as a clear oil. Cycloadducts 3.40a and 3.40b: Rf 
CbzN
3.69a
OMe
S
NH
CbzN
3.69b
OMe
S
+ NH
i.  NaH (3.0 equiv)
    THF, 0 → 23 °C
ii. TIPSCl (1.5 equiv)
    0 → 23 °C
CbzN
3.40a
OMe
S
NSi(i-Pr)3
CbzN
3.40b
OMe
S
+ NSi(i-Pr)3
(80% yield, 1:1 ratio)
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0.69 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.69 (dd, J = 5.1, 1.2, 1H), 
7.65 (dd, J = 9.3, 1.0, 1H), 7.63–7.59 (m, 2H), 7.37–7.25 (m, 13H), 7.23–7.19 (m, 4H), 7.16–7.08 
(m, 6H) , 7.06–7.04 (m, 3H), 5.45 (dd, J = 3.2, 0.9, 1H), 5.30 (dd, J = 3.3, 0.9, 1H), 5.08–5.04 (m, 
4 H), 4.47–4.42 (m, 4H), 3.93 (s, 3H), 3.91 (s, 3H), 3.64–3.58 (m, 4H), 2.92–2.85 (m, 2H), 2.83 
(t, J = 6.1, 2H), 1.75–1.65 (m, 6H), 1.10 (d, J = 2.9, 18H), 1.08 (d, J = 2.9, 18H); 13C-NMR (125 
MHz, CDCl3, 60 °C): (56 of 64 observed) δ 160.9, 160.6, 156.3, 143.9, 141.7, 139.6, 139.3, 139.2, 
138.6, 137.4, 135.5, 134.4, 132.5, 132.3, 132.23, 132.20, 131.9, 131.8, 131.3, 130.33, 130.27, 
130.1, 129.6, 129.4, 129.14, 129.14, 129.02, 128.98, 128.92, 128.88, 128.8, 128.7, 128.6, 127.9, 
127.6, 127.5, 126.8, 126.4, 121.6, 121.2, 117.0, 116.6, 116.1, 115.5, 108.5, 108.0, 67.71, 67.69, 
56.41, 56.35, 46.2, 46.0, 43.1, 43.0, 18.7, 13.8; IR (film): 3066, 2947, 2867, 1701, 1243 cm–1; 
HRMS–APCI (m/z) [M + H]+ calcd for C43H49N2O3SSi+, 701.3228; found, 701.3213. 
 
Cycloadducts 3.40a and 3.40b were separated to >99% purity using preparative supercritical fluid 
chromatography (SFC) on a 200 mg scale.  
Preparative Method:      Analytical Method: 
AD-H (21.2 x 250 mm)    AD-H (4.6 x 250 mm) 
20% isopropanol in CO2    30% isopropanol in CO2 
30 mL/min, 265 nm     4 mL/min, 265 nm 
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Cycloadducts 3.40a and 3.40b: 
 
 
 
 
Cycloadduct 3.40a (Separation required one run on preparative SFC): 
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Cycloadduct 3.40b (Separation required two runs on preparative SFC): 
 
 
 
 
 
Cycloadduct 3.40a. Crystals suitable for X-ray diffraction studies were obtained by slow 
concentration of cycloadduct 3.40a from EtOAc (CCDC #1876925). Cycloadduct 3.40a: Rf 0.69 
(7:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.70 (dd, J = 5.2, 1.1, 1H), 7.61 (dd, 
J = 9.4, 0.8, 1H), 7.37–7.25 (m, 6H), 7.25–7.20 (m, 2H), 7.16–7.09 (m, 4H), 7.06 (dd, J = 3.4, 1.2, 
1H), 5.45 (3.2, 0.8, 1H), 5.07 (s, 2H), 4.46 (s, 2H), 3.94 (s, 3H), 3.65–3.59 (m, 2H), 2.93–2.86 (m, 
2H), 1.71 (sep, J = 7.5, 3H), 1.10 (d, J = 7.5, 18H); 13C-NMR (125 MHz, CD3CN, 60 °C): (27 of 
CbzN
3.40a
OMe
S
NSi(i-Pr)3
CbzN
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OMe
S
NSi(i-Pr)3
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32 observed) δ 160.6, 156.4, 143.8, 139.6, 135.5, 132.5, 132.2, 130.3, 129.6, 129.1, 129.01, 
128.96, 128.9, 128.8, 128.7, 127.9, 126.3, 121.6, 116.6, 115.5, 108.0, 67.7, 56.3, 46.0, 43.1, 18.6, 
13.8; IR (film): 3030, 2947, 2868, 1702, 1245 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C43H49N2O3SSi+, 701.3228; found, 701.3217. 
 
	
Cycloadduct 3.40b. Cycloadduct 3.40b: Rf 0.69 (7:3 hexanes:EtOAc); 1H-NMR (500 MHz, 
CD3CN, 60 °C): δ 7.68–7.62 (m, 2H), 7.38–7.20 (m, 9H), 7.19–7.13 (m, 2H), 7.08–7.05 (m, 2H), 
5.30 (dd, J = 3.2, 0.8, 1H), 5.07 (s, 2H), 4.46 (s, 2H), 3.94 (s, 3H), 3.63 (t, J = 6.2, 2H), 2.84 (t, J 
= 6.2, 2H); 13C-NMR (125 MHz, CD3CN, 60 °C): (31 of 32 observed) δ 160.9, 156.3, 141.7, 139.3, 
138.6, 137.4, 134.4, 132.2, 131.9, 131.8, 131.3, 130.3, 130.1, 129.6, 129.4, 129.0, 128.7, 128.6, 
127.6, 127.5, 126.8, 121.2, 117.0, 116.1, 108.5, 67.7, 56.4, 46.2, 43.0, 18.6, 13.8; IR (film): 3030, 
2947, 2868, 1702, 1245 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C43H49N2O3SSi+, 701.3228; 
found, 701.3216. 
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Indoloisoquinoline 3.41a. A solution of cycloadduct 3.40a (20 mg, 0.029 mmol, 1.0 equiv) and 
palladium hydroxide on carbon (20% wt%, 20 mg, 100% wt/wt relative to cycloadduct 3.40a) in 
methanol (4.0 mL) was purged with H2 for 20 min. After stirring at 23 °C under an atmosphere of 
H2 (1 atm) for 18 h, the reaction was diluted with CH2Cl2 (1.0 mL) and filtered through celite 
(monster pipette, ~4 cm tall) with CH2Cl2 (10.0 mL) as the eluent, and concentrated under reduced 
pressure. The crude residue was added to a scintillation vial along with MnO2 (125 mg, 1.43 mmol, 
50 equiv) and toluene (0.5 mL). The reaction vial was heated to 110 °C and left to stir. After 18 h, 
the reaction mixture was cooled to 23 °C, filtered through celite (monster pipette, ~4 cm tall) with 
CH2Cl2 (10.0 mL) as the eluent, and concentrated under reduced pressure. Purification of the crude 
residue via preparative thin layer chromatography (3:1 hexanes:EtOAc) afforded 
indoloisoquinoline 3.41a (11.0 mg, 68% yield, over 2 steps) as a yellow amorphous solid. 
Indoloisoquinoline 3.41a: Rf 0.54 (9:1 benzene:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 9.13 (d, J 
= 0.8, 1H), 8.37 (d, J = 6.2, 1H), 7.70 (dd, J = 5.2, 1.2, 1H), 7.63 (dd, J = 9.6, 0.8, 1H), 7.57 (dd, 
J = 6.2, 1.0, 1H), 7.53 (d, J = 9.6, 1H), 7.45–7.41 (m, 2H), 7.39 (dd, J = 5.2, 3.4, 1H), 7.21 (dd, J 
= 3.3, 1.2, 1H), 7.17–7.14 (m, 2H), 7.10 (d, J = 3.2, 1H), 5.66 (dd, J = 3.2, 0.9, 1H), 3.97 (s, 3H), 
1.70–1.63 (m, 3H), 1.12 (d, J = 7.6, 18H); 13C-NMR (125 MHz, CDCl3): δ 159.5, 153.2, 141.3, 
140.9, 140.6, 138.4, 133.5, 132.5, 132.4, 130.7, 130.1, 128.9, 128.7, 128.5, 128.0, 127.2, 124.5, 
124.4, 123.9, 121.8, 118.0, 117.3, 114.0, 108.8, 55.6, 18.3, 13.1; IR (film): 3068, 2949, 2928, 
CbzN
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1392, 1247 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C35H39N2OSSi+, 563.2547; found, 
563.2545. 
 
 
Indoloisoquinoline 3.41b. A solution of cycloadduct 3.40b (20 mg, 0.029 mmol, 1.0 equiv) and 
palladium hydroxide on carbon (20% wt%, 20 mg, 100% wt/wt relative to cycloadduct 3.40b) in 
methanol (4.0 mL) was purged with H2 for 20 min. After stirring at 23 °C under an atmosphere of 
H2 (1 atm) for 18 h, the reaction was diluted with CH2Cl2 (1.0 mL) and filtered through celite 
(monster pipette, ~4 cm tall) with CH2Cl2 (10.0 mL) as the eluent, and concentrated under reduced 
pressure. The crude residue was added to a scintillation vial along with MnO2 (125 mg, 1.43 mmol, 
50 equiv) and toluene (0.5 mL). The reaction vial was heated to 110 °C and left to stir. After 18 h, 
the reaction mixture was cooled to 23 °C, filtered through celite (monster pipette, ~4 cm tall) with 
CH2Cl2 (10.0 mL) as the eluent, and concentrated under reduced pressure. Purification of the crude 
residue via preparative thin layer chromatography (3:1 hexanes:EtOAc) afforded 
indoloisoquinoline 3.41b (9.7 mg, 60% yield, over 2 steps) as a yellow amorphous solid. 
Indoloisoquinoline 3.41b: Rf 0.54 (9:1 PhH:EtOAc); 1H-NMR (500 MHz, CDCl3): δ 9.12 (d, J = 
0.9, 1H), 8.35 (d, J = 6.1, 1H), 7.72 (dd, J = 9.6, 0.8, 1H), 7.66–7.62 (m, 2H), 7.57 (dd, J = 6.2, 
1.0, 1H), 7.43–7.40 (m, 2H), 7.33 (dd, J = 5.2, 3.4, 1H), 7.24 (dd, J = 3.3, 1.2, 1H), 7.22–7.19 (m, 
2H), 7.04 (d, J = 3.2, 1H), 5.52 (dd, J = 3.1, 0.8, 1H), 4.01 (s, 3H), 1.66 (sept, J = 7.7, 3H), 1.12 
CbzN
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OMe
S
NSi(i-Pr)3
1. H2, PdOH/C (20 mol%)
    MeOH, 23 °C
2. MnO2 (50 equiv)
    PhMe, 110 °C
  (60% yield, 2 steps)
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(d, J = 7.7, 18H); 13C-NMR (125 MHz, CDCl3): δ 159.8, 153.0, 140.3, 139.2, 137.7, 137.2, 132.2, 
131.94, 131.87, 131.0, 129.7, 128.7, 127.7, 127.4, 127.1, 126.9, 125.9, 125.5, 120.8, 119.0, 118.2, 
114.8, 109.1, 55.6, 18.3, 13.1; IR (film): 3065, 2949, 2868, 1383, 1245 cm–1; HRMS–APCI (m/z) 
[M + H]+ calcd for C35H39N2OSSi+, 563.2547; found, 563.2537. 
 
3.9.2.6 Synthesis of Donor–Acceptor Fluorophore and Polymer 
 
Hydrazone 3.72. Followed General Procedure A using hydrazide 3.70 (1.73 g, 9.37 mmol, 1.0 
equiv) afforded hydrazone 3.72 (2.00 g, 63% yield) as a white solid. Hydrazone 3.72: mp 178–180 
°C; Rf 0.56 (9:1 EtOAc:MeOH); 1H-NMR (500 MHz, DMSO-d6, 60 °C): δ 12.72 (br s, 1H), 7.87 
(d, J = 8.3, 2H), 7.72 (d, J = 8.3, 2H), 7.62 (d, J = 8.3, 2H), 7.49 (d, J = 8.3, 2H); 13C-NMR (125 
MHz, DMSO-d6, 60 °C): δ 163.2, 141.6, 136.9, 134.0, 133.4, 131.4, 130.5, 129.7, 129.4, 128.6, 
128.0; IR (film): 3359, 3087, 1729, 1662, 1093 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 
C15H11Cl2N2O3+, 337.0141; found, 337.0130. 
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Oxadiazinone 3.43. Followed General Procedure A using hydrazone 3.72 (1.80 g, 5.34 mmol, 1.0 
equiv) afforded oxadiazinone 3.43 (1.50 g, 88% yield) as a yellow solid after recrystallization from 
hot acetone. Oxadiazinone 3.43: mp 229–233 °C; Rf 0.64 (9:1 EtOAc:MeOH); 1H-NMR (500 
MHz, CDCl3): δ 8.34–8.30 (m, 2H), 8.24–8.21 (m, 2H), 7.56–7.52 (m, 2H), 7.51–7.48 (m, 2H); 
13C-NMR (125 MHz, CDCl3): δ 157.2, 152.0, 147.9, 140.7, 138.9, 130.5, 129.8, 129.7, 129.4, 
129.2, 126.0; IR (film): 3099, 1757, 1595, 1151, 1094 cm–1; HRMS–APCI (m/z) [M + H]+ calcd 
for C15H9Cl2N2O2+, 319.0036; found, 319.0032. 
 
 
Tricycle 3.44. A solution of silyl triflate 3.11 (25.0 mg, 0.057 mmol, 1.0 equiv), oxadiazinone 
3.43 (36.5 mg, 0.114 mmol, 2.0 equiv), and silyl triflate 3.32 (85.3 mg, 0.286 mmol, 5.0 equiv) in 
acetonitrile (5.7 mL) was purged with nitrogen for 10 min. Then, CsF (60.8 mg, 0.400 mmol, 7.0 
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equiv) was added and the reaction was allowed to stir at 23 °C for 14 h. Upon completion of the 
reaction, it was filtered through celite (monster pipette, ~4 cm tall) using CH2Cl2 (~10 mL) as the 
eluent and concentrated under reduced pressure. The crude residue was purified using preparative 
thin layer chromatography (100% benzene) to afford tricycle 3.44 (17.9 mg, 58% yield) as a yellow 
oil. Tricycle 3.44: Rf 0.58 (17:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.60–
7.55 (m, 4H), 7.42–7.23 (m, 13H), 5.06 (s, 2H), 4.46 (s, 2H), 3.59 (t, J = 6.0, 2H), 2.75 (t, J = 6.3, 
2H); 13C-NMR (125 MHz, CD3CN, 60 °C): δ 156.3, 138.8, 138.5, 138.1, 137.9, 136.4, 134.6, 
134.3, 133.1, 132.99, 132.96, 132.8, 132.4, 131.8, 130.1, 129.97, 129.97, 129.96, 129.95, 129.94, 
129.63, 129.62, 129.61, 129.60, 129.59, 129.59, 129.0, 128.7, 127.1, 127.03, 127.00, 126.9, 67.8, 
45.7, 43.0, 28.7; IR (film): 3065, 3033, 2935, 2891, 1699 cm–1; HRMS–APCI (m/z) [M]•+ calcd 
for C33H25Cl2NO2+, 537.1257; found, 537.1204.  
 
 
Boronic Ester 3.45. To a vial was added tricycle 3.44 (20 mg, 0.037 mmol, 1.0 equiv), B2pin2 
(19.8 mg, 0.078 mmol, 2.2 equiv), KOAc (21.9 mg, 0.233 mmol, 6.0 equiv), Pd(OAc)2 (0.8 mg, 
0.0037 mmol, 10 mol%), and SPhos (3.8 mg, 0.0093 mmol, 25 mol%), and the vial was purged 
with nitrogen for 30 min. Then, 1,4-dioxane (3.7 mL) was added and the reaction was heated to 
80 °C. After stirring for 18 h, the reaction was cooled to 23 °C and concentrated under reduced 
Pd(OAc)2 (10 mol%) 
Sphos (25 mol%)
KOAc (6 equiv)
B2pin2 (2.2 equiv)
1,4-Dioxane (0.1 M), 80 °C
(93% yield)
CbzN
Cl
Cl
CbzN
B(pin)
B(pin)
3.44 3.45
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pressure. The crude residue was purified via flash chromatography (Yamazen SiO2, 3:1 
hexanes:EtOAc) to afford boronic ester 3.45 (25.0 mg, 93% yield) as a white foam. Boronic Ester 
3.45: Rf 0.29 (17:3 hexanes:EtOAc); 1H-NMR (500 MHz, CD3CN, 60 °C): δ 7.95–7.88 (m, 4H), 
7.40–7.20 (m, 13H), 5.04 (s, 2H), 4.46 (s, 2H), 3.57 (t, J = 6.3, 2H), 2.76 (t, J = 6.3, 2H), 1.42 (s, 
12H), 1.40 (s, 12H); 13C-NMR (125 MHz, CD3CN, 60 °C): δ (29 of 35 signals observed) 156.3, 
143.2, 142.5, 138.8, 138.5, 137.3, 136.0, 135.9, 132.7, 132.6, 132.3, 131.4, 131.0, 130.8, 129.6, 
128.9, 128.6, 127.13, 127.09, 126.9, 126.7, 85.3, 85.2, 67.7, 45.8, 43.0, 28.7, 25.52, 25.48; IR 
(film): 3032, 2978, 2938, 1705, 1358 cm–1; HRMS–APCI (m/z) [M + K]+ calcd for 
C45H49B2NO6K+, 760.3378; found, 760.3376.  
 
 
Donor–Acceptor 3.47. A vial was charged with boronic ester 3.45 (20 mg, 0.028 mmol, 1.0 
equiv), 4-bromobenzothiadiazole (3.46) (17.9 mg, 0.083 mmol, 3.0 equiv), and RuPhos Pd G3 (1.2 
mg, 0.0014 mmol, 5 mol%), and then evacuated and backfilled with nitrogen three times. A 
separate flask containing a 2.0 M solution of aqueous K3PO4 was sparged with nitrogen for 1 h. 
To the vial, was then added 1,4-dioxane (2.8 mL) and the reaction was heated to 80 °C. After 10 
min, K3PO4 (2.0 M solution, 0.28 mL) was added and the reaction was allowed to stir at 80 °C. 
(3.0 equiv)
RuPhos Pd G3 (5 mol%)
1,4-dioxane (0.01 M)
K3PO4 (2.0 M), 80 °C, 18 h
(95% yield)
CbzN
B(pin)
B(pin)
3.45
Br
N
S
N
CbzN
N
S
N
N
S
N
3.46
3.47
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After 18 h, the reaction was cooled to 23 °C, filtered over celite (monster pipette, ~4 cm tall) using 
CH2Cl2 (~10 mL) as the eluent, and concentrated under reduced pressure. The crude residue was 
purified via flash chromatography (Yamazen SiO2, 17:3 hexanes:EtOAc) to afford donor–acceptor 
3.47 (19.5 mg, 95% yield) as an off-white solid. Donor–acceptor 3.47: mp 237–238 °C; Rf 0.42 
(3:1 hexanes:EtOAc); 1H-NMR (500 MHz, DMSO-d6, 70 °C): δ 8.24 (d, J = 8.2, 4H), 8.18–8.12 
(m, 2H), 8.06–8.01 (m, 2H), 7.93–7.87 (m, 2H), 7.58–7.41 (m, 8H), 7.30–7.10 (m, 5H), 5.05 (s, 
2H), 4.61 (s, 2H), 3.64 (t, J = 6.1, 2H), 2.88 (t, J = 6.1, 2H); 13C-NMR (125 MHz, DMSO-d6, 70 
°C): δ (37 of 39 observed) 155.0, 154.9, 154.3, 152.59, 152.56, 138.1, 137.4, 136.6, 136.5, 135.9, 
135.7, 135.2, 132.8, 132.7, 131.0, 130.9, 130.5, 130.0, 129.87, 129.86, 129.8, 129.12, 129.08, 
127.9, 127.8, 127.7, 127.0, 125.51, 125.49, 125.3, 120.32, 120.27, 65.9, 44.2, 41.4, 28.6; IR (film): 
3071, 3032, 2925, 2854, 1700 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C45H32N5O2S2+, 
738.1992; found, 738.1983.  
 
 
Polymer 3.49. A vial was charged with boronic ester 3.45 (2.01 mg, 0.0291 mmol, 1.00 equiv), 
4,7-dibromobenzothiadiazole (3.48) (8.56 mg, 0.0291 mmol, 1.00 equiv), and RuPhos Pd G3 
(0.487 mg, 0.000582 mmol, 2.00 mol%), and then evacuated and backfilled with nitrogen three 
times. A separate flask containing a 2.0 M solution of aqueous K3PO4 was sparged with nitrogen 
(1.0 equiv)
RuPhos Pd G3 (2 mol%)
1,4-dioxane (0.01 M)
K3PO4 (2.0 M), 80 °C, 18 h
(86% yield)
CbzN
B(pin)
B(pin)
3.45
Br
N
S
N
3.48
3.49
CbzN
N
S
N
n
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for 1 h. To the vial, was added 1,4-dioxane (2.91 mL) and the reaction was heated to 80 °C. After 
10 min, K3PO4 (2.0 M solution, 0.100 mL) was added and the reaction was allowed to stir at 80 
°C. After 18 h, the reaction was cooled to 23 °C, filtered over celite (monster pipette, ~4 cm tall) 
using CH2Cl2 (~10 mL) as the eluent, and concentrated under reduced pressure. The crude residue 
was dissolved in CH2Cl2 (0.300 mL), then crashed out with methanol (5.00 mL) and filtered to 
afford polymer 3.49 (15.8 mg, 86% yield) as an off-white solid. Polymer 3.49: 1H-NMR (500 
MHz, CDCl3): δ 8.37–7.84 (m), 7.81–7.08 (m), 5.26–5.01 (m), 4.79–4.53 (m), 3.79–3.58 (m), 
3.05–2.76 (m). Further characterization of polymer 3.49 is shown in section 3.9.2.7. 
 
3.9.3 Polymer Characterization 
Near-monodisperse poly(styrene) standards (Polymer Laboratories) were employed for calibration 
and Mw, Mn, and ÐM were calculated from refractive index. Polymer 3.49 was found to have a Mw 
of 2.40 kDa, a Mn of 1.72 kDa, and a ÐM of 1.39. 
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Figure 3.9. Normalized UV trace (solid blue line) and refractive index trace (dashed red line) 
for polymer 3.49. 
 
3.9.4 Crystallographic Information 
Diffraction intensities were collected at 100 K (3.30) and 200 K (3.40a) on a Bruker Smart ApexII 
CCD diffractometer with CuKa radiation, 1.54178 Å. Absorption corrections were applied by 
SADABS.65 It was found that the crystal structure of 3.40a had solvent molecules. These 
molecules are highly disordered and were treated by SQUEEZE.66 All calculations were performed 
by the SHELXL-2014 packages.67 
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Figure 3.10. ORTEP representation of X-ray crystallographic structure 3.30 (CCDC Registry 
#1876924). 
 
Crystallographic Data for 3.30: C28H22BrNO4, M = 516.37, 0.080 x 0.060 x 0.020 mm, T = 295 
(2) K, monoclinic, space group P21/n, a = 8.3530 (3) Å, b = 24.318 (4) Å, c = 12.229 (5) Å, V = 
2354.58 (6) Å3, Z = 4, Dc = 1.457 Mg/m3, µ(Cu)= 2.67 mm-1, F (000) = 1056, 2θ max = 140.00°, 
19985 reflections, 4313 independent reflections [Rint = 0.0233], R1 = 0.0464, wR2 = 0.1375 and 
GOF = 1.026 for 4313 reflections (307 parameters) with I>2s(I), R1 = 0.0539, wR2 = 0.0464 and 
GOF = 1.026 for all reflections, max/min residual electron density +0.734/–0.793 eÅ-3. 
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Figure 3.11. ORTEP representation of X-ray crystallographic structure 3.40a (CCDC 
Registry #1876925). 
 
Crystallographic Data for 40a: C43H48N2O3SSi, M = 700.98, 0.40 x 0.18 x 0.080 mm, T = 100 
(2) K, triclinic, space group P–1, a = 10.729 (3) Å, b = 13.615 (4) Å, c = 15.194 (5) Å, V = 2026.47 
(11) Å3, Z = 2, Dc = 1.149 Mg/m3, µ(Cu)= 1.29 mm-1, F (000) = 748, 2θ max = 138.81°, 32844 
reflections, 7250 independent reflections [Rint = 0.0246], R1 = 0.0356, wR2 = 0.0931 and GOF = 
1.039 for 7250 reflections (505 parameters) with I>2s(I), R1 = 0.0411, wR2 = 0.0969 and GOF = 
1.039 for all reflections, max/min residual electron density +0.364/–0.244 eÅ-3. 
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3.9.5 Photophysical Data 
 
Figure 3.12. Extinction coefficient of 3.47 at 359 nm in tetrahydrofuran (THF). 
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Figure 3.13. UV/Vis (solid lines) and emission (dashed lines) of neutral 3.41a (blue lines) 
and protonated 3.42a (red lines) in dichloromethane. 
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Figure 3.14. UV/Vis (solid lines) and emission (dashed lines) of neutral 3.41b (blue lines) 
and protonated 3.42b (red lines) in dichloromethane. 
 
3.9.6 Computational Section 
3.9.6.1 Computational Methods 
All calculations were carried out with the Gaussian 09 package.68 Geometry optimizations 
were performed with B3LYP with the 6-31G(d) basis set. Frequency analysis was conducted at 
the same level of theory to verify the stationary points to be minima or saddle points. Free energy 
corrections were calculated both with and without Truhlar’s quasiharmonic oscillator 
approximation. Orbital energies for charged species were accounted for using the conductor-like 
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polarization continuum model (CPCM) with acetonitrile as the solvent in accordance with Mujica 
et al.69 A geometry minimization in the gas phase was conducted for compounds 3.41a, 3.41b, 
3.42a, and 3.42b. A solvated (acetonitrile) single point energy calculation was then performed 
using the conductor-like polarization continuum model (CPCM). 
 
3.9.6.2 Cartesian Coordinates and Energies 
Cartesian coordinates for the optimized structures were reported in the literature.70 
 
3.9.6.3 Orbital Density Maps 
 
Figure 3.15. HOMO and LUMO orbital density maps for 3.73. For simplicity of calculation, 
3.73 bears a methyl carbamate in place of the benzyl carbamate of fluorophore 3.47. 
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Figure 3.16. HOMO and LUMO orbital density maps for 3.41a and 3.42a. 
 
 
Figure 3.17. HOMO and LUMO orbital density maps for 3.41b and 3.42b. 
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3.9.6.4 HOMO and LUMO Energies 
Table 3.1. Computed HOMO and LUMO energies and HOMO/LUMO energy gaps for 3.41a, 
3.42a, 3.41b, 3.42b, and 3.47 (B3LYP/6-32g(d) CPCM (acetonitrile)).  
 
Compound HOMO energy (eV) LUMO Energy (eV) DH–L energy gap (eV) 
3.41a –5.217 –1.912 –3.305 
3.42a –5.674 –2.879 –2.795 
3.41b –5.252 –1.964 –3.288 
3.42b –5.700 –2.957 –2.743 
3.47 –5.650 –2.447 –3.203 
B3LYP/6-31(d) CPCM (acetonitrile) 
 
 
 
 
  
 254 
3.10 Spectra Relevant to Chapter Three: 
 
Cyclic Alkyne Approach to Heteroatom-Containing Polycyclic  
Aromatic Hydrocarbon Scaffolds 
 
Evan R. Darzi, Joyann S. Barber, and Neil K. Garg. 
Angew. Chem., Int. Ed. 2019, doi: 10.1002/anie.201903060. 
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Figure 3.18. 1H NMR (400 MHz, CDCl3) of compound 3.12. 
 
Figure 3.19. 13C NMR (100 MHz, CDCl3) of compound 3.12.  
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Figure 3.20. 1H NMR (500 MHz, CDCl3) of compound 3.55. 
 
Figure 3.21. 13C NMR (125 MHz, CDCl3) of compound 3.55.  
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Figure 3.22. 1H NMR (500 MHz, CDCl3) of compound 3.58. 
 
Figure 3.23. 13C NMR (125 MHz, CDCl3) of compound 3.58.  
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Figure 3.24. 1H NMR (600 MHz, DMSO-d6, 55 °C) of compound 3.60. 
 
Figure 3.25. 13C NMR (151 MHz, DMSO-d6, 65 °C) of compound 3.60.  
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Figure 3.26. 1H NMR (500 MHz, CDCl3) of compound 3.61. 
 
Figure 3.27. 13C NMR (125 MHz, CDCl3) of compound 3.61.  
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Figure 3.28. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.13a and 3.13b. 
 
Figure 3.29. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.13a. 
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Figure 3.30. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.13a.  
 
Figure 3.31. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.28a and 3.28b. 
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Figure 3.32. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.28a.  
 
Figure 3.33. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.28a.  
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Figure 3.34. 1H NMR (500 MHz, CD3CN, 70 °C) of compounds 3.29a and 3.29b. 
 
Figure 3.35. 1H NMR (500 MHz, CD3CN, 70 °C) of compound 3.29a. 
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Figure 3.36. 13C NMR (125 MHz, CD3CN, 70 °C) of compound 3.29a.  
 
Figure 3.37. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.30a and 3.30b. 
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Figure 3.38. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.30a. 
 
Figure 3.39. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.30a.  
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Figure 3.40. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.31a and 3.31b. 
 
Figure 3.41. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.31a. 
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Figure 3.42. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.31a.  
 
Figure 3.43. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.18. 
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Figure 3.44. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.18.  
 
Figure 3.45. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.20a and 3.20b. 
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Figure 3.46. 13C NMR (125 MHz, CD3CN, 60 °C) of compounds 3.20a and 3.20b.  
 
Figure 3.47. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.22a and 3.22b. 
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Figure 3.48. 13C NMR (125 MHz, CD3CN, 60 °C) of compounds 3.22a and 3.22b.  
 
Figure 3.49. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.24. 
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Figure 3.50. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.24.  
 
Figure 3.51. 1H NMR (500 MHz, CD3CN, 70 °C) of compounds 3.14a and 3.14b. 
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Figure 3.52. 13C NMR (125 MHz, CD3CN, 70 °C) of compounds 3.14a and 3.14b.  
 
Figure 3.53. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.27a and 3.27b. 
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Figure 3.54. 13C NMR (125 MHz, CD3CN, 70 °C) of compounds 3.27a and 3.27b.  
 
Figure 3.55. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.33. 
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Figure 3.56. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.33.  
 
Figure 3.57. 1H NMR (500 MHz, CD3CN, 70 °C) of compound 3.34. 
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Figure 3.58. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.34.  
 
Figure 3.59. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.35. 
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Figure 3.60. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.35.  
 
Figure 3.61. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.36. 
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Figure 3.62. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.36.  
 
Figure 3.63. 1H NMR (500 MHz, DMSO-d6) of compound 3.67. 
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
28
.7
6
42
.9
6
45
.8
5
67
.7
3
12
6.
81
12
6.
98
12
7.
00
12
7.
15
12
8.
16
12
8.
69
12
8.
72
12
8.
77
12
8.
96
12
9.
45
12
9.
58
12
9.
82
12
9.
87
13
1.
22
13
2.
71
13
2.
81
13
3.
72
13
4.
16
13
8.
53
13
9.
12
13
9.
90
14
0.
20
15
6.
32
Current Data Parameters
NAME        PAH char VT
EXPNO                23
PROCNO                1
F2 - Acquisition Parameters
Date_          20180507
Time              10.03 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                  196
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                333.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W
F2 - Processing parameters
SI               131072
SF          125.7576374 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
Purified Product, 13C NMR
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm
3.
84
5
7.
09
7
7.
10
4
7.
10
7
7.
11
4
7.
61
8
7.
62
0
7.
62
8
7.
63
1
7.
66
2
7.
66
4
7.
66
9
7.
67
1
7.
82
8
7.
83
2
7.
84
6
12
.8
84
3.
09
2
2.
93
8
0.
96
0
0.
98
8
2.
00
0
0.
97
3
Current Data Parameters
NAME     ERD-2017-070-2
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20171103
Time               8.46 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT            DMSO
NS                    5
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W
F2 - Processing parameters
SI                65536
SF          500.1300038 MHz
WDW                  no
SSB      0
LB       0 Hz
GB       0
PC                 1.00
Purified Product, 1H NMR
N
HN
CO2H
O
3.67
OMe
S
 278 
 
Figure 3.64. 13C NMR (125 MHz, DMSO-d6) of compound 3.67.  
 
Figure 3.65. 1H NMR (500 MHz, CDCl3) of compound 3.37. 
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Figure 3.66. 13C NMR (125 MHz, CDCl3) of compound 3.37.  
 
Figure 3.67. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.38 and 3.68. 
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Figure 3.68. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.38. 
 
Figure 3.69. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.38.  
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Figure 3.70. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.69a and 3.69b. 
 
Figure 3.71. 13C NMR (125 MHz, CD3CN, 60 °C) of compounds 3.69a and 3.69b.  
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Figure 3.72. 1H NMR (500 MHz, CD3CN, 60 °C) of compounds 3.40a and 3.40b. 
 
Figure 3.73. 13C NMR (125 MHz, CD3CN, 60 °C) of compounds 3.40a and 3.40b.  
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Figure 3.74. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.40a. 
 
Figure 3.75. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.40a.  
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Figure 3.76. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.40b. 
 
Figure 3.77. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.40b.  
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Figure 3.78. 1H NMR (500 MHz, CDCl3) of compound 3.41a. 
 
Figure 3.79. 13C NMR (125 MHz, CDCl3) of compound 3.41a.  
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Figure 3.80. 1H NMR (500 MHz, CDCl3) of compound 3.41b. 
 
Figure 3.81. 13C NMR (125 MHz, CDCl3) of compound 3.41b.  
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Figure 3.82. 1H NMR (500 MHz, DMSO-d6, 60 °C) of compound 3.72. 
 
Figure 3.83. 13C NMR (125 MHz, DMSO-d6, 60 °C) of compound 3.72.  
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Figure 3.84. 1H NMR (500 MHz, CDCl3) of compound 3.43. 
 
Figure 3.85. 13C NMR (125 MHz, CDCl3) of compound 3.43.  
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Figure 3.86. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.44. 
 
Figure 3.87. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.44.  
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Figure 3.88. 1H NMR (500 MHz, CD3CN, 60 °C) of compound 3.45. 
 
Figure 3.89. 13C NMR (125 MHz, CD3CN, 60 °C) of compound 3.45.  
10 9 8 7 6 5 4 3 2 1 0 ppm
1.
40
1
1.
41
8
2.
74
3
2.
75
5
2.
76
8
3.
56
1
3.
57
3
3.
58
6
4.
46
4
5.
03
9
7.
23
5
7.
28
2
7.
29
7
7.
31
1
7.
33
1
7.
33
4
7.
34
1
7.
34
3
7.
34
7
7.
35
0
7.
35
7
7.
36
0
7.
36
2
7.
36
7
7.
37
9
7.
38
2
7.
38
7
7.
90
5
7.
92
1
11
.9
57
12
.0
07
2.
03
0
2.
06
3
2.
03
5
2.
07
2
13
.1
42
4.
11
2
Current Data Parameters
NAME     PAH-Char-VT-13-BisBPin-proton
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20180919
Time               9.49 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CD3CN
NS                   32
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                14.67
DW               50.000 usec
DE                10.00 usec
TE                333.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W
F2 - Processing parameters
SI                65536
SF          500.1300136 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
Purified Product, 1H NMR
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
25
.4
8
25
.5
2
28
.7
4
43
.0
2
45
.7
5
67
.6
9
85
.2
4
85
.2
8
12
6.
70
12
6.
88
12
7.
09
12
7.
13
12
8.
59
12
8.
91
12
9.
59
13
0.
77
13
0.
95
13
1.
40
13
2.
29
13
2.
64
13
2.
67
13
5.
87
13
6.
01
13
7.
34
13
8.
48
13
8.
78
14
2.
51
14
3.
21
15
6.
28
Current Data Parameters
NAME     PAH-Char-VT-13-BisBPin-carbon
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20180919
Time              10.48 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CD3CN
NS                 1040
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                333.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W
F2 - Processing parameters
SI               131072
SF          125.7576349 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
Purified Product, 13C NMR
CbzN
B(pin)
B(pin)
3.45
 291 
 
Figure 3.90. 1H NMR (500 MHz, DMSO-d6, 70 °C) of compound 3.47. 
 
Figure 3.91. 13C NMR (125 MHz, DMSO-d6, 70 °C) of compound 3.47.  
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Figure 3.92. 1H NMR (500 MHz, CDCl3) of compound 3.49. 
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CHAPTER FOUR 
 
Enzyme-Catalyzed Intramolecular Enantioselective Hydroalkoxylation 
Shu-Shan Gao, Marc Garcia-Borràs, Joyann S. Barber, Yang Hai, Abing Duan,  
Neil K. Garg, K. N. Houk, and Yi Tang. 
J. Am. Chem. Soc. 2017, 139, 3639–3642. 
 
4.1 Abstract 
Hydroalkoxylation is a powerful and efficient method of forming C–O bonds and cyclic 
ethers in synthetic chemistry. In studying the biosynthesis of the fungal natural product 
herqueinone, we identified an enzyme that can perform an intramolecular enantioselective 
hydroalkoxylation reaction. PhnH catalyzes the addition of a phenol to the terminal olefin of a 
reverse prenyl group to give a dihydrobenzofuran product. The enzyme accelerates the reaction by 
3 × 105-fold compared to the uncatalyzed reaction. PhnH belongs to a superfamily of proteins with 
a domain of unknown function (DUF3237), of which no member has a previously verified 
function. The discovery of PhnH demonstrates that enzymes can be used to promote the 
enantioselective hydroalkoxylation reaction and form cyclic ethers. 
 
4.2 Introduction 
  Five and six-membered cyclic ethers are ubiquitous structural fragments in natural 
products, and are important for their diverse biological activities.1 Notable examples include the 
topical antibiotic mupirocin, which contains a tetrahydropyran pharmacophore that binds to the 
target isoleucyl-tRNA synthetase,2a the anticancer drug eribulin,2b and the antifungal drug 
griseofulvin.2c Biosynthetically, formation of hydrofurans and hydropyrans can proceed via 
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general acid- and general base-catalyzed addition of alcohols to electrophiles such as epoxides, 
carbonyls and Michael acceptors (Figure 4.1A).1a Such reactions are also prevalent in synthetic 
chemistry.3 
  An alternative and perhaps more versatile method of forging a new C–O bond involves the 
hydroalkoxylation of olefins to produce Markovnikov addition products.4 The transformation 
utilizes simple starting materials (i.e., an alcohol and an alkene), is atom economical, and can be 
used to form two bonds in one step without a change in oxidation state.5 Brønsted acid catalysts, 
such as triflic acid6a and imidazolium or triazolium ionic liquids,6b have been shown to catalyze 
the nonstereoselective formation of cyclic ethers with very high yields. Regarding enantioselective 
variants of hydroalkoxylation, several transition metal-catalyzed reactions have been reported.7 
However, a dedicated enzyme that can catalyze enantioselective hydroalkoxylation reaction has 
not been reported, which is surprising given the prevalence of cyclic ether structures found in 
Nature. One example of enzymatic hydroalkoxylation occurs in the last step of a three-step 
transformation catalyzed by the monoterpene cyclase 1,8-cineole synthase, which is proposed to 
convert the α-terpineol intermediate to 1,8-cineole.8 Interestingly, 1,8-cineole synthase cannot 
convert exogenously added α-terpineol to 1,8-cineole,8b,8c which suggests formation of a tertiary 
carbocation during the overall terpene cyclization cascade is required for the intramolecular 
alkylation of the hydroxyl group.8c   
Of the cyclic ethers encountered in natural product structures, the dihydrobenzofuran 
moiety attracted our attention. It is found in the bacterial meroterpenoid neomarinone (4.1),9 the 
fungal polyketide herqueinone (4.2)10 and the plant xanthone pruniflorone M (4.3)11 (Figure 4.1B), 
as well as numerous other natural products. The common structural component present in 
compounds 4.1–4.3 is the 2,3,3-trisubstituted-dihydrobenzofuran. The presence of the 3,3-gem-
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dialkyl substitution suggests the dihydrofuran (DHF) ring is formed from the 5-exo-trig addition 
of the phenolic oxygen to the terminal olefin of a reverse prenyl unit as shown in Figure 4.1C. 
Interestingly, all of these natural products are isolated as a single stereoisomer in the DHF rings, 
suggesting the cyclization step is most likely enzyme-catalyzed. Motivated by the goal of 
identifying an enzyme that can catalyze hydroalkoxylation, we performed biochemical 
characterization of the enzymes involved in biosynthesis of 4.2. Here we show that an enzyme 
with a conserved domain of unknown function (DUF) belonging to DUF3237 superfamily is 
indeed dedicated to catalyze enantioselective cyclization to form the DHF ring of 4.2. 
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Figure 4.1. Natural products containing cyclic ethers and how they are synthesized. (A) Routes 
to generate cyclic ethers; (B) Natural products containing 2,3,3-trisubstituted-DHF moiety from 
bacteria (4.1), fungi (4.2) and plant (4.3); (C) Proposed cyclization steps required for the 
formation of 2,3,3-trisubstituted-DHF moiety. 
 
4.3 Characterization of the Herqueinone (4.2) Pathway 
  We recently identified the herqueinone (4.2) (phn) biosynthetic gene cluster from 
Penicillium herquei NRRL 1040 and showed the actions of a nonreducing polyketide synthase 
(NR-PKS PhnA) and a flavin-dependent monooxygenase (FMO, PhnB) are responsible for 
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formation of phenalenone (4.5) (Figure 4.2B).12 In the process of identifying the unknown steps 
that lead to formation of the additional DHF ring in 4.2, we generated individual knockout mutants 
of the pathway and characterized the products. Inactivation of the predicted aromatic 
prenyltransferase PhnF led to abolishment of 4.2 and accumulation of 4.5 (Figure 4.2C ii), 
indicating the role of PhnF in catalyzing regioselective C6 alkylation of 4.5.  
 To verify the function of PhnF, the recombinant enzyme (48 kDa) was expressed and 
purified from Escherichia coli BL21(DE3). Due to instability of 4.5, we assayed using the 
immediate precursor 4.4 in the presence of PhnB (with cofactors NADPH and FAD, Figure 4.2D, 
i) together with PhnF (with dimethylallyl pyrophosphate (DMAPP) and MgCl2, Figure 4.2D, ii). 
Two new products 4.6a and 4.6b with the same molecular weights (MW = 342) were observed. 
To scale up the reaction and determine the structures of 4.6a and 4.6b, we coexpressed PhnA, 
PhnB and PhnF in Saccharomyces cerevisiae BJ5464-NpgA, which led to the production of 4.6a 
and 4.6b (Figure 4.2C, iv), whereas coexpression of PhnA and PhnB produced 4.5 only (Figure 
4.2C, iii). During purification, it was observed that 4.6a and 4.6b are interconverting tautomers; a 
final ratio of 1:2 of 4.6a to 4.6b was found in the purified compound. NMR structural analysis 
confirmed that 4.6a is the C6-reverse prenylated version of 4.5, while 4.6b is the corresponding 
diketo tautomer (Figure 4.2B). When the mixture of 4.6a and 4.6b was supplemented to the ΔphnA 
blocked mutant of P. herquei,12 the biosynthesis of 4.2 was restored, confirming the prenylated 
phenalenone is an authentic intermediate of the pathway, which represents the immediate precursor 
to the proposed hydroalkoxylation reaction. 
The reverse C-prenylation of 4.5 by PhnF can occur by direct electrophilic substitution at 
C6, or possibly via first a forward O-prenylation of a neighboring phenol in 4.5, followed by a 
Claisen rearrangement to yield 4.6.13 Schmidt et al showed the forward C-prenylated tyrosine 
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residue in cyanobactins is the product of a non-enzymatic Claisen rearrangement following a 
reverse O-prenylation catalyzed by the prenyltransferase LynF.14 However, such rearrangement 
has not been observed for the prenyltransferases catalyzing forward O-prenylations, such as PagF15 
and SirD.16 Indeed, density functional theory (DFT) calculations show the Claisen rearrangement 
after the forward O-prenylation at C7-OH of 4.5 would be very slow at room temperature (ΔG‡298 
= 30.2 kcal/mol with predicted t1/2 (25 °C) = 4.2 × 105 h). Thus, we conclude PhnF must be a 
reverse C-prenyltransferase that directly alkylates 4.5.  
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Figure 4.2. Characterization of the herqueinone (4.2) pathway. (A) Key enzymes encoded in the 
phn cluster; (B) The complete biosynthetic pathway of herqueinone (4.2); (C) Product profiles of 
wild type and phnF knockout mutant of P. herquei and of S. cerevisiae transformed with 
combinations of phn genes; (D) Product profiles of in vitro assays using purified enzymes. *The 
spontaneous degradative product of 4.5.12  
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converted to a new compound 4.8* in 23 days. The structure of the compounds was determined to 
contain the racemic DHF ring as shown in Figure 4.3A. We propose compound 4.8* should be 
derived from the autoxidation of the cyclized product 4.7*, first as the1,2,3-tri-keto intermediate, 
followed by water addition at C2.13 Similarly, 4.9*, the acetone adduct of oxidized 4.7* was 
observed when 4.6 was placed in a 1:1 mixture of acetone and water for 5 days (30% conversion) 
(Figures 4.3A). Both 4.8* and 4.9* displayed optical rotation of [α]D = 0 (c 0.02, MeOH), thereby 
confirming the uncatalyzed hydroalkoxylation reaction is nonstereospecific. This observation, 
together with the slow rate of uncatalyzed reaction, indicate an additional enzyme in the phn 
pathway is required for catalyzing formation of the 2’-R-DHF in 4.2.  
  To search for the enzyme responsible, we performed combinatorial expression of the 
remaining phn enzymes in S. cerevisiae. None of remaining enzymes in the cluster produced new 
compounds. RT-PCR of genes immediately outside of the initial cluster boundary revealed that 
only one gene is cotranscribed with the phn cluster. This gene, named phnH, encodes a small 
protein (149 aa) that contains a conserved, but uncharacterized domain (DUF3237, Figure 4.2A). 
Crystal structures of several members of the DUF3237 family have been elucidated to show a b-
barrel fold (PDB entries 4PUX, 3G7G, and 3C5O), although no function is known. To determine 
the role of PhnH, we coexpressed PhnA, PhnB, PhnF and PhnH in yeast, which led to the 
accumulation of a predominant new product 4.7 (Figure 4.2C, v). The structure of 4.7 was 
determined to be the known natural product atrovenetin17-19 through extensive NMR analyses. The 
absolute stereochemistry at C2’ was assigned to be R by comparison of the optical rotation 
measurement ([α]26D = +90.5 (c 0.02, MeOH)) to that reported for atrovenetin.20 When purified 
4.7 was added to the ΔphnA blocked mutant, production of 4.2 was restored, thereby verifying it 
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is indeed an on-pathway product. Furthermore, the 2’R-isomer of the autoxidized product 4.8 
([α]30D = +81.3 (c 0.01, MeOH) was also purified during isolation of 4.7.  
  To demonstrate PhnH is the sole enzyme required for the hydroalkoxylation reaction, PhnH 
was purified to homogeneity from yeast. A combined assay of PhnB, PhnF and PhnH in the 
presence of 4.4 led to formation of 4.7 as the predominant product (Figure 4.2D, iii). Direct 
incubation of 4.6a and 4.6b with PhnH led to conversion to 4.7 (Figure 4.2D, iv-vii), with steady 
state kinetic parameters of kcat = (2.9 ± 0.3) × 103 min−1, Km = 216 ± 19 µM, and kcat/Km = 13 ± 1.4 
min−1 µM−1. Compared to the uncatalyzed reaction rate in DMSO (k = 0.0086 min−1), PhnH 
afforded a > 3 × 105-fold rate enhancement. Addition of 1 mM EDTA has no effect on the reaction 
rate, indicating no metal-cofactor is required. The optimum pH for the enzyme is 7.5 as measured 
by the pH dependence assay, while nearly all activities were abolished when the pH is lowered to 
6.0. 
  The stereochemical outcome of the hydroalkoxylation reaction catalyzed by PhnH is 
consistent with the isolation of 2’R-configured herqueinone (4.2) from P. herquei.21 The 
spontaneous, nonstereoselective formation of 4.7* from 4.6 can also account for the isolation of 
the trace amounts 2’S-configured isoherqueinone.22 Identification of PhnH function also allowed 
us to complete the biosynthetic pathway of 4.2. By sequentially adding remaining uncharacterized 
genes to the yeast host that produces 4.7, we identified the O-methyltransferase PhnC to be 
responsible for converting 4.7 to deoxyherqueinone (4.10).23 The last C6 hydroxylation step that 
converts 4.10 to 4.2 was confirmed to be catalyzed by the FMO PhnG. Hence, six enzymes are 
required to synthesize 4.2, another example of the efficient biosynthetic pathways found in fungi. 
  We propose that PhnH catalyzes the hydroalkoxylation reaction by favoring binding of the 
substrate 4.6a in a near-attack conformation, thus aligning the lone electron pair of the 
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deprotonated phenoxide anion in 4.6a’ (Figure 4.3A) with the Bürgi-Dunitz trajectory at the Si-
face of the C2’-C1’ double bond. Concerted proton transfer from a nearby acid leads to protonation 
at C1’ and yields product 2’R-4.7. Due to the extended aromatic system of 4.6, the C7-phenol in 
4.6a is much more acidic with a pKa of 6.9 (obtained from ACE JChem pKa predictor,24 Figure 
S34D), which indicates that no general base is required to generate the phenoxide anion of 4.6a’ 
at physiological pH (Figure 4.3A). Our DFT calculations show that acid catalysis likely occurs 
after the C7-OH is deprotonated, with an energy barrier of 21.8 kcal/mol using acetic acid as a 
general acid model (Figure 4.3B). Those reaction mechanisms that are not initiated by the 
deprotonation of C7-OH have been ruled out based on calculations, due to either the high-energy 
barrier or unstable intermediates. 
  Proteins belonging to the DUF3237 superfamily are widely distributed in Nature, from 
bacteria to fungi, with many PhnH homologs embedded in potential natural product gene clusters. 
PhnH displays high sequence identity and homology to many members of the family. We 
generated a homology model of PhnH by using the I-TASSER server.25 The model shows an 
overall b-barrel fold, typically adopted by the other members in the DUF3237 superfamily (Figure 
4.3C). The model reveals a putative active site: a hydrophobic pocket with a Glu (E104) residue 
positioned at the bottom of the solvent-exposed cavity. Mutation at this residue compromised the 
enzymatic activity by ~60%. This indicates E104, which may be deprotonated under assay 
conditions, is not a general acid, but may be involved in proper positioning a water molecule 
(probably in its hydronium form) as a specific acid during the protonation reaction step. We also 
performed single-residue mutations at other conserved acidic positions based on sequence 
alignment. Different mutations led to varying degrees of attenuation in enzyme activity and 
expression levels, although no single mutation completely abolished PhnH activity. Lastly, we 
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synthesized 2-allyl resorcinol as a simplified substrate to test the promiscuity of PhnH. No rate 
acceleration of the hydroalkoxylation adduct was observed, which may be due to lack of 
recognition of the much smaller substrate by the enzyme, and/or due to the significantly higher 
pKa of the phenol group.  
 
 
Figure 4.3. Proposed mechanism for PhnH-catalyzed hydroalkoxylation. (A) PhnH catalyzes 5-
exo-trig cyclization via acid catalysis after the spontaneous deprotonation of 7-OH; (B) 
Transition state structure of the hydroalkoxylation reaction using acetic acid as a general acid; 
(C) Homology models of PhnH; The putative catalytic residue E104 is highlighted in red. 
 
4.5 Conclusion 
In conclusion, PhnH is the first functionally characterized member of protein in the 
DUF3237 family. The discovery of PhnH complements other enzymatic strategies to synthesize 
cyclic ethers in natural products.1a,26 Therefore PhnH provides an enzymatic variant of asymmetric 
hydroalkoxylation of olefins, an important transformation in synthetic chemistry.  
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4.6 Experimental Section 
4.6.1 Bioengineering Methods 
4.6.1.1 Strains and Culture Conditions 
The Penicillium herquei strain was obtained from Agriculture Research Service (NRRL 
1040) Culture Collection and was used as the parental strain in our study. Both the wild-type and 
the mutant strains were grown on potato dextrose agar (PDA) (20 g/L dextrose, 4 g/L potato 
extract, agar 15 g/L) at 28°C. For gene knock-out in P. herquei, PDA with 1.2 M sorbitol and 100 
µg/mL hygromycin was used for protoplast regeneration and antibiotic resistance selection. 
Saccharomyces cerevisiae strain BJ5464-NpgA (MATα ura3-52 his3-Δ200 leu2-Δ1 
trp1pep4::HIS3 prb1Δ1.6R can1 GAL) was used. YPD (20 g/L peptone, 10 g/L yeast extract, 20 
g/L dextrose) was used for the routine growth of yeast strain BJ5464-NpgA and its derivatives at 
30°C. SD-drop out media were used for selection of plasmids transformed into S. cerevisiae. For 
protein expression under ADH2 promoter (ADH2p) and pathway reconstitution in S. cerevisiae, 
the appropriate plasmids were introduced into yeast cells as described in Supplementary Table S3. 
The yeast transformants were initially grown in the appropriate SD-drop out liquid media and then 
transferred to the liquid YPD media for further culture for 3 days. LB media were used for culturing 
Escherichia coli. E.coli strain DH10b was the host for routine plasmid sub-cloning and E. coli 
strain BL21(DE3) was used for protein expression and purification for in vitro assay. 
 
4.6.1.2 P. herquei RNA Preparation and Reverse Transcription-PCR (RT-PCR) 
Details related to RNA preparation, RT-PCR and plasmid construction were reported in 
the literature.27 Additional supplemental tables and figures can also be found here. 27 
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4.6.1.3 Construction of ΔphnF Mutant of P. herquei 
ΔphnF mutant was constructed in P. herquei based on the hygromycin split-marker 
strategy. The upstream split-marker DNA for KO of phnF gene was amplified with S85 + S2 from 
plasmid pGSS22. The downstream split-marker DNA for KO of the KS region of phnF, gene was 
amplified with S88 + S3 from plasmid pGSS26. The PCR products were gel purified and dissolved 
in STC buffer. Split-marker DNA was introduced into P. herquei by protoplast transformation. P. 
herquei spores were collected on PDA (Fluka) for 4 days at 28 °C, and induced to young germ 
tubes in PDB (Fluka) at 25 °C for 7 hours with 200 RPM agitation. Mycelia were collected, washed 
twice with the osmotic medium (1.2 M MgCl2, 10 mM sodium phosphate, pH 5.8) and resuspended 
in the enzyme cocktail solution (3 mg/mL lysing enzymes, 3 mg/mL yatalase in osmotic medium) 
at 30°C for overnight. After twice wash with STC buffer, protoplasts were gently mixed with DNA 
and incubated for 1 hour on ice. 1 mL of PEG 4000 solution (60% PEG 4000, 50 mM CaC12, 50 
mM Tris-HCI, pH 7.5) was added to 100 µL of protoplast mixture, incubated at room temperature 
for 30 min and plated on the regeneration selection medium (PDA, 1.2 M sorbitol, 100µg/mL 
hygromycin B). After incubation at room temperature for about 4 days, the transformants were 
inoculated on PDB medium with stationary incubation for about 1 week to confirm the genotype 
by PCR after preparation of the genomic DNA. 
 
4.6.1.4 Yeast Reconstitution of Phenalenone Biosynthesis Pathway 
S. cerevisiae strain BJ5464-NpgA was transformed with appropriate plasmid(s). Yeast 
cells containing transformed plasmid(s) were initially cultured in the drop out medium overnight 
and transferred to 50 mL of liquid YPD medium for additional 3-day culture. Extracted samples 
from approximately 0.5 mL of culture were loaded for LC/MS analysis. 
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4.6.1.5 Chemical Complementation Studies 
For chemical complementation of ΔphnA strain of P. herquei with compounds (solubilized 
in DMSO), spores of DphnA were inoculated in PDA plate together with 10 µg/mL compounds 
4.6, 4.7 and 4.10, and further cultured for 3 days at 28 °C. The mycelia and medium were extracted 
for LC/MS analysis.  
 
4.6.1.6 LC/MS Analysis 
Cultures of P. herquei, S. cerevisiae or E. coli cells were extracted with acetone:ethyl 
acetate (20 : 80). After brief centrifugation, the supernatant organic phase was dried and solubilized 
in DMSO for LC/MS injection. All LC-MS analyses were performed on a Shimadzu 2020 EVLC-
MS (Phenomenex® Luna, 5µ, 2.0 × 100 mm, C18 column) using positive and negative mode 
electrospray ionization with a linear gradient of 5-95% acetonitrile (MeCN)-H2O in 15 minutes 
followed by 95% MeCN for 5 minutes with a flow rate of 0.3 mL/min. 
 
4.6.1.7 Protein Expression and Purification  
Details related to protein expression and purification were reported in the literature.27  
 
4.6.1.8 Elucidation of PhnH Catalyzed and non-PhnH Catalyzed Reaction Rates 
Reaction rates for the conversion of 4.6 to 4.7 in the presence of PhnH or absence of PhnH 
were determined spectrophotometrically by monitoring the rate of appearance of 4.7 at 388 nm on 
LC-MS. All assays were performed in reaction buffer comprising 100 mM phosphate buffer, 10 
mM NaCl, pH 8.0, at 28 °C. For the calculation of the non-enzymatically catalyzed conversion of 
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4.6 to 4.7, 100 µM 4.6 was incubated in DMSO for 100 minutes and the change in absorbance 
monitored throughout. Data fitting was performed using Origin 8.1. 
To calculate the rate of the PhnH catalyzed conversion of 4.6 to 4.7, 4.6 (50-2000 µM) was 
incubated in reaction buffer with PhnH, at a final concentration of 20 nM. Reaction rates were 
calculated by monitoring the change in absorbance for every 5 minutes. Data fitting was performed 
using Origin 8.1. 
 
4.6.1.9 In vitro Activity Assay for PhnF and PhnH 
PhnH activity was assayed by monitoring the conversion of substrates into products as 
analyzed by LC/MS. A typical 100 µL assay solution contained 100 mM potassium phosphate 
buffer (pH 8.0), 10 nM PhnH and 1mM 4.6. The reactions were performed at 28°C and quenched 
with methanol. For in vitro activity assay of PhnF, a typical 100µL assay solution contained 100 
mM phosphate buffer (Ph 8.0), 4 mM NADPH, 20 µM FAD, 2 mM MgCl2, 1 mM DMAPP, 10 
µM PhnB, 12 µM PhnF, and 1 mM 4.4. The reaction was performed at 28°C and quenched with 
equal volume of methanol. Protein precipitate from the reactions was removed by centrifugation. 
The supernatant was then analyzed on LC-MS. LC-MS analyses were performed on a Shimadzu 
2020 EV LC-MS (Kinetex™ 1.7 µm C18 100 Å, LC Column 100 x 2.1 mm) using positive and 
negative mode electrospray ionization with a linear gradient of 5–95% MeCN-H2O in 15 minutes 
followed by 95% MeCN for 3 minutes with a flow rate of 0.3 mL/min. 
 
4.6.1.10 Conditions for in vitro Reactions in Figure 4.2C 
(i) Reaction catalyzed by 30 µM PhnB in presence of 1 mM 4.4, 20 µM FAD, 4 mM 
NADPH and 100 mM phosphate buffer (pH 8.0). (ii) Reaction catalyzed by 30 µM PhnB and 12 
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µM PhnF in presence of 1 mM 4.4, 20 µM FAD, 4 mM NADPH, 2 mM MgCl2, 1 mM DMAPP 
and 100 mM phosphate buffer (pH 8.0). (iii) Reaction catalyzed by 30 µM PhnB, 12 µM PhnF, 
and 5 µM PhnH in presence of 1 mM 4.4, 20 µM FAD, 4 mM NADPH, 2 mM MgCl2, 1 mM 
DMAPP, and 100 mM phosphate buffer (pH 8.0). Reaction (i) was analyzed after 0.5-hour reaction 
at 28 °C. Reactions (ii) and (iii) were analyzed after overnight reaction at 28 °C. (iv)−(vii) Time 
course analysis of PhnH catalyzed conversion of 4.6 to 4.7 and 4.8. The reaction conditions are 10 
nM PhnH, 0.5 mM 4.6, and 100 mM phosphate buffer (pH 8.0) and the reaction temperature is 28 
°C. 
 
4.6.1.11 Chemical Analysis and Compound Isolation 
From yeast, the ethyl acetate extract from a 4 L YPD liquid medium was evaporated to 
dryness to yield the crude extract. From P. herquei, the acetone extract from a 2 L PDA solid agar 
extract of mutant was evaporated to dryness and partitioned between ethyl acetate/H2O three times. 
To purify the desired compound, crude extracts were separated by silica chromatography, 
Sephadex-LH20, reverse phase-C18 and additional HPLC steps as required. The purity of each 
compound was checked by LC-MS, and the structure was confirmed by NMR. 1H, 13C and 2D 
NMR spectra were obtained using DMSO-d6 or CD3OD as solvent on Bruker AV500 spectrometer 
with a 5 mm dual cryoprobe at the UCLA Molecular Instrumentation Center. 
 
4.6.2 Computational Methods 
4.6.2.1 Computational Details 
Quantum mechanical Density Functional Theory (DFT) calculations were performed using 
Gaussian 09 (Revision D.01).28 All geometries were optimized using M06-2X,29 within the CPCM 
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polarizable conductor model (diethylether, ε = 4),30,31 and the 6-31G(d) basis set. Single point 
energies were calculated using the same DFT functional and solvation model, and the 6-
311++G(d,p) basis set. The resulting energies were used to correct the gas phase energies obtained 
from the M06-2X/6-31G(d) optimizations.32 All stationary points were verified as minima or first-
order saddle points by a vibrational frequency analysis. Computed structures are illustrated with 
CYLView.33  
 
4.6.2.2 Energies and Cartesian Coordinates for Optimized Structures 
Cartesian coordinates for the optimized structures were reported in the literature.27 
 
4.6.3 Chemical Methods 
4.6.3.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 
activated alumina columns). All commercially obtained reagents were used as received unless 
otherwise specified. Reaction temperatures were controlled using an IKAmag temperature 
modulator, and unless stated otherwise, reactions were performed at 23 °C. Thin-layer 
chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 
visualized using anisaldehyde staining. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) 
was used for flash column chromatography.  
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4.6.3.2 Synthesis of 2-Allylresorcinol 
 
Protected resorcinol. To a solution of resorcinol (1.0 g, 9.09 mmol, 1.0 equiv) in THF (45 mL, 
0.2 M) at 0 °C was added NaH (60% dispersion in mineral oil, 0.8 g, 20.0 mmol, 2.2 equiv) as a 
solid in one portion. The reaction was stirred at 0 °C for 10 min while bubbles formed, then 
MOMBr (1.6 mL, 2.2 mmol, 2.2 equiv) was added dropwise over 5 min. The reaction was then 
allowed to warm to room temperature and stir for 1.5 h. The reaction was then quenched by the 
addition of H2O (15 mL). The layers were separated and the aqueous layer was extracted with 
CH2Cl2 (3 x 30 mL). The combined organic layers were dried over MgSO4, filtered, and 
concentrated in vacuo to provide the crude product, which was purified by flash chromatography 
(9:1 hexanes:EtOAc) to afford Protected resorcinol as a colorless oil (1.38 g, 77% yield). Protected 
resorcinol: Rf 0.65 (1:1 hexanes:EtOAc); spectral data match those previously reported.34 
 
 
Allylated intermediate. To a solution of protected resorcinol (600 mg, 3.0 mmol, 1.0 equiv) in 
Et2O (9.2 mL, 0.33 M) was added n-BuLi (2.39 M in hexanes, 1.9 mL, 4.5 mmol, 1.5 equiv) 
dropwise over 5 min. The reaction was stirred at room temperature for 1 h, then allylbromide (0.34 
mL, 3.9 mmol, 1.3 equiv) was added dropwise over 2 min. The reaction was stirred at room 
temperature for 15 h and then quenched by the addition of H2O (10 mL). The layers were separated 
i.  NaH (2.2 equiv)
    THF, 0 °C
ii. MOMBr (2.2 equiv)
    0 → 23 °C
(77% yield)resorcinol protected resorcinol
HO OH MOMO OMOM
i.  n-BuLi (1.5 equiv)
    Et2O, 23 °C
ii. allylbromide (1.3 equiv)
(16% yield)protected resorcinol allylated intermediate
MOMO OMOM MOMO OMOM
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and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were 
dried over MgSO4, filtered, and concentrated in vacuo to provide the crude product, which was 
purified by flash chromatography (19:1 hexanes:EtOAc) to afford the allylated intermediate as a 
colorless oil (117 mg, 16% yield). Allylated intermediate: Rf 0.48 (9:1 hexanes:EtOAc); spectral 
data match those previously reported.35 
 
 
2-Allylresorcinol. To a solution of the allylated intermediate (75 mg, 0.32 mmol, 1.0 equiv) in 2:1 
THF:MeOH (2.7 mL total, 0.12 M) was added 1 drop of HCl (12.01 N). The reaction vessel was 
sealed and placed in a preheated aluminum heating block maintained at 65 °C for 3 h. After cooling 
to 23 °C, the reaction mixture was dried by passage through a plug of MgSO4 (EtOAc eluent, 10 
mL). Evaporation under reduced pressure yielded the crude residue, which was purified by 
preparative thin-layer chromatography (1:1 hexanes:EtOAc) to afford 2-allylresorcinolas a 
colorless oil (32 mg, 67% yield). 2-Allylresorcinol: Rf 0.45 (1:1 hexanes:Et2O); spectral data match 
those previously reported.35 
 
4.7 Spectra Relevant to Chapter Four: Enzyme-Catalyzed Intramolecular Enantioselective 
Hydroalkoxylation 
Spectral data for isolated products were reported in the literature.27 
HCl (conc.)
2:1 THF/MeOH, 65 °C
(67% yield)allylated intermediate 2-allyl resorcinol
MOMO OMOM HO OH
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CHAPTER FIVE 
 
Engineering the Biocatalytic Selectivity of Iridoid Production in Saccharomyces cerevisiae 
John M. Billingsley, Anthony B. DeNicola, Joyann S. Barber, Man-Cheng Tang,  
Joe Horecka, Angela Chu, Neil K. Garg, and Yi Tang. 
Metab. Eng. 2017, 44, 117–125. 
 
5.1 Abstract 
Monoterpene indole alkaloids (MIAs) represent a structurally diverse, medicinally 
essential class of plant derived natural products. The universal MIA building block strictosidine 
was recently produced in the yeast Saccharomyces cerevisiae, setting the stage for optimization of 
microbial production. However, the irreversible reduction of pathway intermediates by yeast 
enzymes results in a non-recoverable loss of carbon, which has a strong negative impact on 
metabolic flux. In this study, we identified and engineered the determinants of biocatalytic 
selectivity which control flux towards the iridoid scaffold from which all MIAs are derived. 
Development of a bioconversion based production platform enabled analysis of the metabolic flux 
and interference around two critical steps in generating the iridoid scaffold: oxidation of 8-
hydroxygeraniol to the dialdehyde 8-oxogeranial followed by reductive cyclization to form 
nepetalactol. In vitro reconstitution of previously uncharacterized shunt pathways enabled the 
identification of two distinct routes to a reduced shunt product including endogenous ‘ene’-
reduction and non-productive reduction by iridoid synthase when interfaced with endogenous 
alcohol dehydrogenases. Deletion of five genes involved in α,β-unsaturated carbonyl metabolism 
resulted in a 5.2-fold increase in biocatalytic selectivity of the desired iridoid over reduced shunt 
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product. We anticipate that our engineering strategies will play an important role in the 
development of S. cerevisiae for sustainable production of iridoids and MIAs. 
 
5.2 Introduction 
 Natural products and their derivatives comprise a pharmaceutically indispensable category 
of molecules. The monoterpene indole alkaloids (MIAs) are a class of plant natural products with 
structural complexities matched by potent biological activities.1 The functional diversity of MIAs 
ranges from anticancer to antimalarial to antiaddiction, resulting in immense clinical relevance for 
this class of natural products. Of particular importance is the microtubule inhibitor vinblastine, 
which is a chemotherapeutic on the World Health Organization's List of Essential Medicines. 
However, the native producer Catharanthus roseus yields just 0.001 percentage dry weight 
vinblastine,2 making it one of the most expensive small molecules on the market. Increasing 
clinical demand coupled with the environmental impact of isolation make MIAs an ideal target for 
heterologous microbial production.3 Strictosidine is a universal biosynthetic precursor to ~3,000 
plant MIAs. Strictosidine itself is biosynthesized from the monoterpene geraniol via an iridoid 
intermediate nepetalactol (5.3, Figure 5.1), which is further decorated through a series of 
oxidations, methylation, and glucosylation before ultimately being condensed with tryptamine. 
The biosynthesis of strictosidine was recently reconstituted in yeast, albeit with low yields largely 
attributed to suboptimal flux through the early seco-iridoid pathway.4,5 In addition to serving as 
the monoterpene scaffold in MIAs, a number of iridoid natural products are gaining clinical interest 
due to their anticancer, antibacterial, and anti-inflammatory properties.6 Optimizing nepetalactol 
production in yeast is therefore a crucial requisite for realizing microbial production of a wide 
array of high value compounds including iridoids, strictosidine, as well as all downstream MIA 
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natural products. Accordingly, the recent surge in metabolic engineering technologies in yeast has 
invigorated natural product pathway engineering efforts.7,8 
Biosynthesis of nepetalactol in yeast requires heterologous expression of four enzymes. 
The terpene synthase geraniol synthase (GES) hydrolyzes geranyl diphosphate (GPP) into 
geraniol, which is then oxidized by the P450 geraniol 8-hydroxylase (G8H) into 8-hydroxygeraniol 
(5.1). Double two e- oxidation catalyzed by geraniol oxidoreductase (GOR) afford the dialdehyde 
8-oxogeranial (5.2), which then undergoes reductive cyclization by iridoid synthase (ISY) to yield 
the bicyclic nepetalactol (5.3).9 Production of the iridoid scaffold appears concise compared to 
other plant pathways that have recently been reconstituted in yeast, such as those producing 
sesquiterpenoids10 and benzylisoquinoline alkaloids.11,12 However, building iridoid (and in turn 
MIA) “platform strains”13 has proven to be challenging with each of the four enzymatic steps 
posing its own metabolic engineering obstacles. Compared to the sesquiterpene precursor FPP, the 
monoterpene precursor GPP exists only transiently in native yeast metabolism and readily 
undergoes isoprenoid chain elongation by ERG20.14 Strain engineering to increase monoterpene 
precursor production has recently led to significant improvements in geraniol titers.15,16 The G8H-
mediated ω-hydroxylation of geraniol at C-8 was described as a major pathway bottleneck in S. 
cerevisiae due to poor activity of the P450.4 Engineering strategies aimed at optimizing P450 
performance are expected to overcome this limitation.17,18 As substrates of GOR and ISY, the α,β-
unsaturated alcohol 5.1 and aldehyde 5.2, respectively, are subject to significant crosstalk and 
interference with the endogenous yeast redox metabolism. For example, efforts in de novo iridoid 
production were derailed when it was discovered that saturated shunt products accumulate when 
the iridoid pathway is expressed in yeast.19 The α,β-unsaturated aldehydes present in the linear 
iridoid precursor 5.2 are required in the cyclization mechanism of ISY towards the formation of 
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nepetalactol (5.3).20 Thus, saturated shunt products represent a non-recoverable loss in carbon 
which severely limits overall iridoid yields. While several reports have described the reduction of 
the double bonds in monoterpene pathway intermediates by yeast,21,22,23 the exact mechanism has 
remained unresolved particularly with regard to crosstalk between exogenous biosynthetic 
enzymes (GOR and ISY) and endogenous yeast enzymes. However the low benchmark titers of 8-
hydroxygeraniol (5.1) achieved to date (5.3 mg/L),19 in combination with the obscured mechanistic 
details of shunt product formation have significantly limited the reconstitution of nepetalactol (5.3) 
production and overall MIA pathway engineering in yeast.  
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Figure 5.1. Monoterpene indole alkaloid biosynthesis. The pathway intermediate 8-
hydroxygeraniol (5.1) may be produced via chemical synthesis or de novo via isoprenoid 
biosynthesis (via GES and G8H). The resulting diol 5.1 is converted to iridoid 5.3 which can 
generate the universal monoterpene indole alkaloid (MIA) precursor strictosidine.  
 
Towards gaining deeper understanding of the enzymatic basis of shunt product formation, 
we designed a yeast-based bioconversion platform to assess activities of GOR and ISY. Our 
strategy leverages the facile synthesis of the substrate 8-hydroxygeraniol (5.1),24 followed by 
bioconversion of this pathway intermediate by engineered S. cerevisiae. Characterization of the 
major shunt products followed by in vitro pathway reconstitution allowed for the clarification of 
two distinct mechanisms of shunt product formation en route to iridoid 5.3 production: endogenous 
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‘ene’-reduction and reduction by iridoid synthase in a non-productive redox cascade with yeast 
alcohol dehydrogenases. Our study provides strategies that can be directly employed to improve 
the performance of iridoid producing strains. 
 
5.3 Materials and Methods 
5.3.1 Strains and Plasmids 
The strains and plasmids used in this study are listed in Table 5.1. JHY651 (S1) was 
constructed from BY474225 to correct previously identified issues associated with sporulation, 
mitochondrial stability, and heterologous protein degradation. (Method S1). Plasmids pJB046, 
pJB047, pJB053, pJB057, and pJB097 were utilized for subsequent CRISPR/Cas9 mediated strain 
modifications of JHY651. Unless otherwise stated, HICRISPR26 was successfully employed for 
subsequent gene deletions using gRNAs designed with CRISPy Cas9 target finder,27 pCRCT was 
a gift from Huimin Zhao (Addgene plasmid # 60621). Knockout of ADH7 and ARI1 required a 
two-stage deletion strategy involving integration of a LEU2 marker followed CRISPR-mediated 
pop-out of the marker using pJB097. Plasmids were maintained and propagated in XL1-Blue E. 
coli. The pathway genes GOR and ISY were codon optimized for expression in S. cerevisiae and 
synthesized by Gen9. Late-stage inducible promoters (ADH2p28 and PCK1p29) and high-capacity 
terminators (PRM9t and CPS1t30) were amplified from yeast gDNA. Expression cassettes were 
first generated via SOE PCR and then cloned into PCR blunt. Yeast expression plasmids pJB031, 
pJB033, and pJB034 were assembled using yeast homologous recombination. All yeast 
transformations were carried out using the LiOAc/ssDNA method.31 Transformants were selected 
using uracil dropout media or YPD supplemented with 200 µg/mL hygromycin. Protein expression 
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plasmids were assembled using digestion ligation (pJB042, pJB043, pJB044, pJB045, pJB071, 
pJB072) or yeast homologous recombination (pJB095).  
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Table 5.1. Strains and plasmids used in this study.  
 
 
Strain Parent Genotype Reference 
 BY4742 S288C MATα his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0  Brachmann et al., Yeast, 1998 
 DHY214 BY4742 MATα his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 SAL1
+ CAT5(91M) MIP1(661T) 
MKT1(30G) RME1(INS-308A) TAO3(1493Q) HAP1+  
Chu and Horecka,  
Stanford Genome 
Technology Center 
S1 JHY651* DHY214 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0  ibid. 
S2 YJB011* JHY651 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 This study 
S3 YJB012* JHY651 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye3Δ1 This study 
S4 YJB013* YJB011 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 This study 
S5 YJB023* YJB013 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 gre2Δ1 This study 
 YJB025* YJB013 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 ari1::LEU2 This study 
S6 YJB027* YJB025 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 ari1Δ0 This study 
S7 YJB018* YJB013 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 adh6Δ1 This study 
 YJB024* YJB013 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 adh7::LEU2 This study 
S8 YJB052* YJB024 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 adh7Δ0 This study 
 YJB030* YJB027 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 ari1Δ0 adh7::LEU2 This study 
 YJB033* YJB030 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 ari1Δ0 adh7Δ0 This study 
S9 YJB051* YJB033 MATα prb1Δ pep4Δ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 oye2Δ1 oye3Δ1 ari1Δ0 adh7Δ0 adh6Δ1 This study 
  
Plasmid Description Reference 
pJB031 2μ; URA3; AmpR This study 
pJB033 2μ; URA3; AmpR; ADH2p-GOR-PRM9t This study 
pJB034 2μ; URA3; AmpR; ADH2p-GOR-PRM9t; PCK1p-ISY-CPS1t This study 
pJB046 pCRCT-Δoye2 This study 
pJB047 pCRCT-Δoye3 This study 
pJB057 pCRCT-Δgre2 This study 
pJB053 pCRCT-Δadh6 This study 
pJB097 2μ; kanMX; AmpR; iCas9; SNR52p-LEU2crRNA-sgRNA-SUP4t This study 
pJB042 pET-28a-6xHIS-GOR This study 
pJB043 pET-28a-6xHIS-ISY This study 
pJB044 pET-28a-6xHIS-OYE2 This study 
pJB045 pET-28a-6xHIS-OYE3 This study 
pJB072 pET-28a-6xHIS-ADH6 This study 
pJB071 pET-28a-6xHIS-ADH7 This study 
pJB095 2μ; URA3; AmpR; ADH2p-6xHIS-ARI1-PRM9t This study 
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5.3.2 Single Fed-batch and Repeated Fed-batch Bioconversion Assay 
Single colony transformants were repatched onto uracil dropout plates. A starter culture 
was prepared by stabbing through a patch and inoculating 1 mL of liquid uracil dropout media in 
a culture tube. This starter culture was shaken at 28 °C and 250 rpm for 24 hours. Next, three 
culture tubes containing 3 mL YPD were each inoculated with 100 µL of the starter culture and 
shaken at 28 °C and 250 rpm for 24 hours. The sub-cultures were pooled and centrifuged at 4,000 
g for 5 minutes, after which 6 mL of the supernatant was removed. Concentrated culture was split 
into two 1.5 mL volumes, one sample to which substrate was added and a negative control to which 
no substrate was added. For the single fed-batch bioconversion assay, 15 µL of 200 mM 8-
hydroxygeraniol dissolved in ethanol was added to the sample, and 15 µL of ethanol was added to 
the negative control. For the repeated fed-batch bioconversion assay, 0.75 µL of 200 mM 8-
hydroxygeraniol dissolved in ethanol was added to the sample every hour for 20 hours. During the 
8-hydroxygeraniol bioconversion phase, cultures were shaken at 28 °C and 250 rpm. 24 hours after 
the initial addition of substrate, biocatalytic selectivity was analyzed.  
 
5.3.3 Culture Extraction and Quantification  
Samples were analyzed by extracting 700 µL culture with 300 µL of an organic phase 
consisting of 75% ethyl acetate and 25% acetone. The samples were vortexed for 1 minute and 
then centrifuged for 10 minutes. The organic layer was analyzed on an Agilent Technologies GC-
MS 6890/5973 equipped with a DB-FFAP column. An inlet temperature of 220 °C and constant 
pressure of 4.2 psi were used. The oven temperature was held at 60 °C for 5 minutes and then 
ramped at 60 °C/min for 1.5 min, followed by a ramp of 15 °C/min for 16 minutes and a hold for 
10 minutes. A monoterpene standard curve was generated using 8-hydroxygeraniol and used to 
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quantify all analytes by assuming an equivalent mass response factor. Biocatalytic selectivity is 
defined as molar production rate of iridoid relative to molar production rate of reduced shunt 
product, and was calculated based on end-point concentrations of monoterpenes. For each strain, 
the biocatalytic selectivity of three biological isolates was measured. Means and standard errors 
are reported.  
 
5.3.4 Compound Isolation and NMR Analysis 
Large scale shake flask culture was utilized for compound isolation. A starter culture of S1 
transformed with pJB034 was prepared by stabbing through a patch and inoculating 2 mL of liquid 
uracil dropout media in a culture tube. This starter culture was shaken at 28 °C and 250 rpm for 
24 hours and then transferred to 50 mL liquid uracil dropout. After 24 hours, 2 L culture was 
inoculated. 24 hours later 340 mg 8-hydroxygeraniol was fed to 2 L culture to a final concentration 
of 1 mM. After 24 hours, the culture was spun down. The supernatant was extracted with an equal 
volume of ethyl acetate and the pellet was extracted with an equal volume of 50:50 mixture of 
ethyl acetate:acetone. The organic fractions were combined and dried. The resulting crude extract 
was separated using ISCO-CombiFlash Rf 200 (Teledyne Isco) with a gradient of hexane and 
acetone. The fractions containing the reduced shunt product were pooled and purified with HPLC 
using a Shimadzu Prominence HPLC (Phenonenex Kinetex, 5µ, 10.0 × 250 mm, C-18 column). 
The elution method was a linear gradient of 35-55% (v/v) CH3CN/H2O in 20.5 minutes, followed 
by a linear gradient of 55-95% in 2 minutes, followed by 95% CH3CN/H2O for 3 minutes with a 
flow rate of 3.0 mL/min. Structures were solved by NMR. 
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5.3.5 Protein Purification and in vitro Assays 
The expression plasmids (pJB042, pJB043, pJB044, pJB045, pJB072, and pJB071 were 
each transformed into the E. coli strain BL21 for expression of GOR, ISY, OYE2, OYE3, ADH6, 
and ADH7, respectively. Cells were inoculated into 1 L LB containing 100 µg/mL kanamycin and 
cultured at 37 °C and 250 rpm to an OD600 of 0.6. Protein expression was induced via addition of 
0.1 mM IPTG, followed 16 hours of continued shaking at 16 °C and 250 rpm. The expression 
plasmid pJB095 was transformed into JHY651 for expression of ARI1. Cells were inoculated into 
2 mL liquid uracil dropout media and cultured at 28 °C and 250 rpm for 24 hours. This culture was 
used to inoculate YPD (1L) and cultured at 28 °C and 250 rpm for 3 days. Protein purification was 
carried out at 4 °C following standard Nickel-NTA affinity chromatography protocols. Purified 
enzymes were concentrated and exchanged into protein storage buffer, then visualized using SDS-
PAGE. Concentration was determined by Bradford assay and protein was stored at -80 °C. In vitro 
reactions were performed in 250 µL reactions. Unless otherwise stated, reactions consisted of 200 
µM 8-hydroxygeraniol, 400 µM NAD+, 400 µM NADPH, and 1 µM of the specified enzyme(s) in 
50 mM bis-tris propane buffer, pH = 9. After the specified amount of time, the assay was extracted 
with 100 µL ethyl acetate and analyzed using GC-MS as described for metabolite quantification.  
 
5.3.6 Fermentation, Growth Rate, and Plasmid Stability 
A New Brunswick BioFlo/CelliGen 115 fermenter equipped with a 2 L vessel was utilized 
for the bioconversion-based continuous fed-batch fermentation. A starter culture was prepared by 
stabbing through a patch and inoculating 2 mL of liquid uracil dropout media in a culture tube. 
This starter culture was shaken at 28 °C and 250 rpm for 24 hours and then transferred to 50 mL 
liquid uracil dropout. After 24 hours, the culture was centrifuged at 800 g for 5 minutes and 
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resuspended in 20 mL YPD. The fermenter working volume was 1 L; the media consisted of YPD. 
Following inoculation to an OD600 of 0.1, the fermenter pH, dissolved oxygen, and temperature 
were automatically regulated. pH was maintained at pH 5 by addition of 2 M NaOH or 2 M HCl. 
Dissolved oxygen was maintained at 25% by adjustment of the agitation rate. Temperature was 
maintained at 28 °C using a heating jacket and recirculated chilled water. Recirculated chilled 
water was also used to cool the exhaust condenser. Following 18 hours of culture, 30 mL ethanol 
was added to the fermenter using a syringe pump at a flow rate of 2 mL/minute for increased 
induction of pathway genes. Six hours later, continuous substrate addition was carried out; 30 mL 
of 67 mM 8-hydroxygeraniol (5.1) was added to the fermenter using a syringe pump at a flow rate 
of 2.5 mL/hr. Growth rates on glucose and ethanol were calculated using data points falling within 
the linear portions of the log plot. Plasmid stability was calculated by diluting fermentation 
samples 105 fold, plating 10 µL on YPD and uracil dropout plates, and comparing total CFU. 
 
5.3.7 Synthesis of 8-Hydroxygeraniol 
8-Hydroxygeraniol (5.1) was prepared using minor modifications of the known route.24 
Beginning with geranyl acetate, treatment with SeO2 and tert-butyl hydroperoxide led to 
regioselective allylic hydroxylation. Subsequent cleavage of the acetate group using methanolysis 
conditions afforded 8-hydroxygeraniol (5.1) in 49% yield over 2 steps (See Section 5.6.2).  
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5.4 Results and Discussion 
5.4.1 Purification of the Major Shunt Product Reveals Complete Reduction of 8-
Hydroxygeraniol to 8-Hydroxytetrahydrogeraniol  
To probe the metabolic fate of 8-hydroxygeraniol (5.1) in yeast both in the presence and 
absence of the downstream enzymes GOR and ISY, we performed bioconversion assays followed 
by metabolite analysis. To obtain sufficient amounts of the substrate for thorough analysis, we 
chemically synthesized 8-hydroxygeraniol (5.1) following reported methods.24 Both single fed-
batch and repeated fed-batch methods of substrate delivery were explored. We began by 
performing the single fed-batch bioconversion assay on the parent strain JHY651 (S1) transformed 
with a control vector (pJB031), a plasmid encoding GOR (pJB033), and a plasmid encoding both 
GOR and ISY (pJB034). The ethanol inducible, late-stage promoters ADH2p and PCK1p were 
employed to drive expression of GOR and ISY respectively.28,29 The use of these late-stage 
promoters decoupled the growth phase from protein production phase as well as eliminated the 
need for addition of an inducer for transcriptional activation.32,33 2 mM of 5.1 was added at the 
onset of yeast diauxic shift and the biotransformation was allowed to proceed for 24 hours followed 
by metabolite analysis. While a small amount of nepetalactol (5.3) was detected in S1 expressing 
both GOR and ISY (Figure 5.3A, trace ii), most of the fed substrate 5.1 was converted to shunt 
product 5.4, which was absent from cultures not supplemented with 8-hydroxygeraniol (Figure 
5.3A, trace i). Large-scale purification followed by NMR analysis allowed us to identify 5.4 as the 
saturated 8-hydroxytetrahydrogeraniol (Figure 5.2). We also observed oxidation products of 5.4 
and were able to isolate a mixture of the saturated 8-hydroxy-2,6-dimethyloctanoic and 8-hydroxy-
3,7-dimethyloctanoic acids. These reduced shunt compounds also dominated the metabolic 
profiles of S1 expressing GOR. The reduction of 5.1 to 5.4 in the parent strain transformed with 
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the control vector pJB031, however, is greatly attenuated. In strains not expressing GOR, 5.1 
remained present after 24 hours, with a small amount converted to 5.4 and the partially reduced 8-
hydroxy-2,3-dihydrogeraniol (5.6). This result therefore suggested that GOR expression plays a 
key role in the formation of the saturated shunt product 5.4. To establish a starting point for strain 
improvement, we performed a repeated fed-batch bioconversion assay during which 0.1 mM 5.1 
was added every hour for 20 hours. In the parent strain expressing GOR and ISY, biocatalytic 
selectivity of iridoid 5.3 over the primary shunt product 5.4 was determined to be 0.14 ± 0.01. 
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Figure 5.2. Two distinct routes to a reduced shunt product. Endogenous ‘ene’-reduction (top 
shunt pathway) by yeast OYEs occurs after oxidation of the fed substrate to an α,β-unsaturated 
carbonyl by GOR. Alternatively, non-productive reduction (bottom pathway) by ISY occurs 
when the enzyme acts on a partially oxidized substrate. For each of the shunt pathways, one 
possible route to the reduced shunt product is highlighted, whereas multiple permutations of 
enzymatic sequence contribute to shunt product formation in practice. 
 
5.4.2. Knockout of OYE2 and OYE3 Results in Elimination of Endogenous α,β-Unsaturated 
Carbonyl Reductase Activity 
We hypothesized that the product of GOR, 8-oxogeranial (5.2), may be prone to ‘ene’-
reduction (reduction of the α,β-double bond). S. cerevisiae harbors two old yellow enzymes (OYE2 
and OYE3) which catalyze the flavin-dependent, stereospecific reduction of α,β-unsaturated 
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double bonds.34 Previous studies concluded that OYE2 (but not OYE3) is involved in direct α,β-
unsaturated monoterpenol reduction and is a target for increasing flux through the strictosidine 
pathway.23 Other reports however, indicated that OYEs cannot reduce α,β-unsaturated alcohols, 
and that substrate reduction must proceed through activated α,β-unsaturated carbonyl 
intermediates.35,36 In order to ascertain the role of yeast OYEs in shunt product 5.4 formation, we 
deleted these enzymes in the parent strain using CRISPR/Cas9 (Figure 5.3B). We first deleted 
OYE2 to generate strain S2. This strain was transformed with pJB033 expressing GOR and the 
single fed-batch bioconversion assay was performed. The final amount of saturated substrate 5.4 
in S2 decreased by 33% compared to S1/pJB033, validating the role of OYE2 in reduction of 8-
hydroxygeraniol (5.1). We then deleted OYE3 in the parent strain to yield S3, which was 
transformed with pJB033 and similarly assayed for formation of 5.4. Curiously, the OYE3 
knockout provided a greater decrease in shunt product 5.4 level of 44%, indicating that OYE3 is 
also involved in shunt product 5.4 formation and suggesting degenerate roles of the enzymes in 
‘ene’-reduction. A combined knockout strain of OYE2 and OYE3 was generated (S4), in which 
expression of GOR and feeding of 5.1 led to a 99% reduction in the level of shunt product 5.4 
(Figure 5.3B). In the strain S4/pJB033, while formation of 5.4 was completely eliminated, we 
instead observed accumulation of oxidation products of 5.2, indicating that endogenous aldehyde 
dehydrogenases can oxidize the dialdehyde in the absence of ISY. No apparent growth defects 
were observed in strains S2 – S4. Our results therefore show that both OYE2 and OYE3 contribute 
significantly to shunt product 5.4 formation (Figure 5.2, top shunt pathway), and that a double 
knockout is required to prevent this mode of reduction. Several studies have shown that OYE3 
expression is tightly regulated and can be induced on α,β-unsaturated alcohols.37,38 Meanwhile, 
previous efforts to characterize monoterpene alcohol metabolism was conducted at approximately 
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10-fold less substrate concentration, which is potentially lower than the required threshold for 
OYE3 induction. The significant transcriptional changes in response to oxidative stress response, 
and metabolite accumulation should therefore be considered in the context of expressing redox-
intensive biosynthetic pathways. Because an estimated one-sixth of all natural products contain an 
α,β-unsaturated carbonyl moiety,39 elimination of endogenous ‘ene’-reduction may play a key role 
in future natural product biosynthetic efforts. 
 
5.4.3. In vitro Reconstitution of Old Yellow Enzyme Activity  
In order to determine the exact reaction catalyzed by OYE2 and OYE3 that leads to the 
reduction of 8-hydroxygeraniol (5.1) to 5.4, we performed in vitro characterization of the enzymes 
(Figure 5.3D). Both OYE as well as GOR were expressed and purified from E. coli. Incubation of 
8-hydroxygeraniol (5.1) with GOR and either OYE2 (Figure 5.3D, trace vi) or OYE3 (Figure 5.3D, 
trace vii), in the presence of cofactors NAD+ and NADPH for 1 hour resulted in the production of 
a compound with identical retention time and mass spectra as the saturated shunt product 5.4 
isolated from the yeast-based bioconversion (Figure 5.3F, spectra i and ii). We also observed the 
8-hydroxy-2,3-dihydrogeraniol (5.6) that corresponds to a product that has undergone one α,β-
reduction. Based on retention time and mass spectra, compound 5.7 is likely a partially saturated 
aldehyde en route to the fully reduced shunt product 5.4. Incubation of 8-hydroxygeraniol (5.1) 
with GOR alone produced the expected monoaldehydes 5.5a and 5.5b (Figure 5.2) as well as the 
product dialdehyde 5.2, which is consistent with previous in vitro observations.5 Incubation of 8-
hydroxygeraniol (5.1) directly with either OYE2 (Figure 5.3D, trace iv) or OYE3 (Figure 5.3D, 
trace v) resulted in no reaction, consistent with GOR mediated oxidation increasing shunt product 
5.4 in yeast. Our data confirm that the ‘ene’-reductases OYE2 and OYE3 cannot act directly on 
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the α,β-unsaturated alcohols in substrates such as 8-hydroxygeraniol (5.1), but can catalyze the 
reduction of double bonds in the activated α,β-unsaturated aldehyde 5.2. This observation is 
consistent with the canonical mechanism of ‘ene’-reductases involving a Michael-type hydride 
addition: NAD(P)H is not a strong enough reductant to reduce unactivated double bonds such as 
those present in α,β-unsaturated alcohols. From the in vitro assays, we noted that OYE2 can use 
either NADPH or NADH as the reducing cofactor, whereas OYE3 has a preferred cofactor of 
NADPH. Our experience further confirms the reversible nature of GOR, and indicates the enzyme 
can also accept the saturated aldehydes for reduction into 5.4. The exact order of dehydrogenation, 
‘ene’-reduction, and aldehyde reduction with respect to the different allylic alcohols in 5.1 have 
not been determined, with one possible route from 8-hydroxygeraniol (5.1) to 8-
hydroxytetrahydrogeraniol 5.4 shown in Figure 5.2. 
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A GC-MS analysis of monoterpene profile after in vivo and in vitro bioconversion. (i) S1 + pJB034 repeated 
fed-batch bioconversion with no substrate, (ii) S1 + pJB034 repeated fed-batch bioconversion with substrate, 
(iii) S9 + pJB034 repeated fed-batch bioconversion with substrate, (iv) product profile for in vitro assay with 
200 µM 8-hydroxygeraniol, 400 µM NAD+, GOR, ISY (v) product profile for in vitro assay with 200 µM 8-
hydroxygeraniol, physiological concentration of cofactors, GOR, ISY, OYE2, OYE3, ARI1, ADH6, ADH7. B 
Relative shunt product titer in strains expressing GOR. Deletion of OYE2 and OYE3 (S4) resulted in 
elimination of endogenous ‘ene’-reduction. C Deletion of yeast ADHs resulted in an increase in the production 
of iridoid relative to reduced shunt product, corresponding to an increase in the biocatalytic selectivity. D 
Reconstitution of endogenous ‘ene’-reduction in vitro, (i) 8-hydroxygeraniol standard, (ii) 8-
hydroxytetrahydrogeraniol standard, (iii) 8-hydroxygeraniol + GOR, (iv) 8-hydroxygeraniol + OYE2, (v) 8-
hydroxygeraniol + OYE3, (vi) 8-hydroxygeraniol + GOR + OYE2, (vii) 8-hydroxygeraniol + GOR + OYE3. 
E Reconstitution of non-productive reduction by ISY in vitro (i) 8-hydroxygeraniol standard (ii) 8-
hydroxytetrahydrogeraniol standard, (iii) 8-hydroxygeraniol + ISY, (iv) 8-hydroxygeraniol + ARI1, (v) 8-
hydroxygeraniol + ADH6, (vi) 8-hydroxygeraniol + ADH7, (vii) 8-hydroxygeraniol + ARI1 + ISY, (viii) 8-
hydroxygeraniol + ADH6 + ISY, (ix) 8-hydroxygeraniol + ADH7 + ISY. F Comparison of mass spectra (i) in 
vivo shunt product, (ii) GOR + OYE in vitro reaction product, and (iii) ADH + ISY in vitro reaction product. 
 
Figure 5.3. Engineering and elucidation of 8-hydroxygeraniol (5.1) reduction.  
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5.4.4. Expression of ISY in Yeast Led to Formation of the Saturated Shunt Product even in 
OYE Deletion Strains 
Having identified that both OYE2 and OYE3 are involved in the formation of 5.4 in the 
presence of GOR, we next coexpressed both GOR and ISY in the double knockout strain S4 to 
measure the in vivo selectivity of converting 5.1 to either 5.3 or 5.4. Surprisingly, whereas 
essentially none of substrate 5.1 was converted to 8-hydroxytetrahydrogeraniol (5.4) in S4 
expressing GOR alone, over 90% of 5.1 was reduced to 5.4 (and the oxidized acid products) in S4 
expressing GOR and ISY. The selectivity in the conversion of 5.1 to 5.3 increased from 0.14 to 
0.27, indicating elimination of the OYEs was beneficial towards formation of iridoid. However, 
the coexpression of ISY unexpectedly led to the reemergence of the undesired shunt product 5.4. 
Campbell et al. were the first to report a similar observation of the involvement of ISY in 
monoterpenol reduction. However the current mechanistic understanding of ISY cyclization 
involves a Michael-type hydride addition to the unsaturated aldehyde (Figures 5.1 and 5.2),20 
thereby precluding direct reduction of α,β-unsaturated alcohols. ISY first catalyzes the NAD(P)H-
dependent reduction of the C2-C3 α,β-unsaturated aldehyde in 5.2 to generate the enolate anion. 
This sets up an intramolecular cyclization via 1,4-addition to form the cyclopentane ring that is 
present in 5.3.9 The enzyme was proposed to undergo a conformation change after enolate 
formation to accommodate folding of the substrate and subsequent cyclization.40 Studies using 
substrate analogs indeed showed ISY can catalyze hydride transfer to a wide variety of α,β-
unsaturated carbonyls.9 We therefore rationalized that if substrate 5.1 is only selectively oxidized 
at one of the terminal alcohols to yield a mono-aldehyde (for example, compound 5.5a in Figure 
5.2) instead of the dialdehyde 5.2, the enone moiety in 5.5a can still be reduced by ISY. However, 
the subsequent enolate cannot perform the Michael addition to the allylic alcohol, leading to the 
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formation of the reduced 8-hydroxy-2,3-dihydrogeranial from 5.5a via quenching of the enolate 
with a proton. Once reduced, this intermediate can be subjected to further redox modifications by 
both endogenous yeast enzymes and ISY for the second α,β reduction to ultimately arrive at the 
saturated diol 5.4 (Figure 5.2, bottom shunt pathway). The incomplete oxidation of 5.1 to a 
monoaldehyde can therefore lead to “interrupted” cyclization by ISY, and is detrimental to the 
selective formation of 5.3 from 5.1.  
Interestingly our in vitro assay with GOR and ISY in the presence of NAD+ and 5.1 led to 
complete conversion to 5.3 with no trace of shunt products (Figure 5.3A, trace iv) indicating 
formation of the dialdehyde 5.2 is highly controlled to ensure no “interrupted” cyclization can 
occur. We therefore hypothesized that in yeast, formation of the monoaldehyde intermediates such 
as 5.5a or 5.5b must be catalyzed by endogenous yeast alcohol dehydrogenases (ADHs) in 
competition with GOR, and elimination/minimization of responsible ADH activities in S4 can lead 
to improvement in the selectivity towards 5.3. In other words, tuning the extent of in vivo oxidation 
of substrate 5.1 at the time of hydride addition by ISY will dictate the biocatalytic selectivity of 
cyclized versus reduced product.  
 
5.4.5. Deletion of Yeast Dehydrogenases/Reductases Increases Biocatalytic Selectivity 
The reversible oxidation of alcohols to aldehydes plays a critical role in the robust 
fermentative capacity of yeast. Involvement of yeast short chain alcohol dehydrogenases during 
both fermentative growth and ethanol respiration is well-established.41 Of the nearly 300 
oxidoreductases annotated in the Saccharomyces Genome Database, 19 potential short-chain 
dehydrogenases/reductases42 and 17 potential medium-chain dehydrogenase/reductases43 are 
predicted. A literature survey allowed us to speculate four of these ADHs with potential activity 
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towards 5.1 that would lead to the formation of undesired monoaldehydes such as 5.5a. The 
candidates were selected based on expression profile of encoded genes in the presence of 
structurally related α,β-unsaturated aldehydes acrolein and HMF.37,44,45 These included the 
medium-chain dehydrogenases/reductases ADH6 and ADH7 as well as the short-chain 
dehydrogenases/reductases ARI1 and GRE2. CRISPR/Cas9-mediated knockout of the four 
candidate oxidoreductases was carried out in S4, generating individual knockout strains S5-S9 
(Table 5.1). The strains were transformed with the plasmid pJB034 expressing GOR and ISY and 
biocatalytic selectivity towards 5.3 was measured using the repeated fed-batch bioconversion 
assay (Figure 5.3C). Knockout of ADH6 and ADH7 provided a 57% and 143% increase in 
selectivity towards 5.3, respectively, confirming our hypothesis that ADHs are directly involved 
in shunt product 5.4 formation. Knockout of ARI1 provided a modest increase in selectivity while 
knockout of GRE2 did not have a positive effect. To further improve selectivity, we generated a 
combined knockout strain (S9) in which ARI1, ADH6, and ADH7 were all deleted. The resulting 
strain S9 displayed biocatalytic selectivity of 0.72 ± 0.01 towards 5.3, which represents a 169% 
increase relative to S4 and 420% (5.2-fold) increase relative to S1 (Figure 5.3A trace ii vs. Figure 
5.3A trace iii). No apparent growth defects were observed in S5 – S9. 
 
5.4.6. In vitro Reconstitution of Second Shunt Pathway Confirms the Role of Partial 
Oxidation in Non-productive Reduction 
In order to validate our hypothesis that endogenous dehydrogenases facilitate the non-
productive reduction by ISY, we again turned to in vitro shunt pathway reconstitution (Figure 
5.3E). ISY, ADH6, and ADH7 were purified from E. coli and ARI1 was purified from yeast. As 
expected, when 8-hydroxygeraniol (5.1) was only incubated with the C. roseus ISY, NAD+, and 
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NADPH for 12 hours, no reaction was observed. (Figure 5.3E, trace iii). We next analyzed 
substrate oxidation by the yeast ADHs (ARI1, ADH6, and ADH7). Incubation of ARI1, ADH6, 
and ADH7 with 8-hydroxygeraniol (5.1), NAD+, and NADPH resulted in only trace substrate 
oxidation (Figure 5.3E, trace iv, v, vi). We also assessed cofactor preference for the NAD(P)+ 
dependent oxidation. We again observed only trace oxidation and noted that ARI1 prefers NADP+ 
while ADH6 and ADH7 could accept NAD+ or NADP+. This observation is consistent with 
previous conclusions that ARI1, ADH6, and ADH7 perform oxidations much more inefficiently 
than the corresponding reductions.46,47,48 In fact, the Keq for similar α,β-unsaturated 
alcohol/aldehyde equilibria has been estimated to be ~2 x 10-11 M, which matches our observation 
of primarily alcohol products in vitro and in vivo.46  
We next performed a coupled in vitro assay in which 5.1 was incubated with each of the 
ADHs along with ISY, NAD+, and NADPH (Figure 5.3E, trace vii, viii, ix). We observed near 
complete conversion of 5.1 to the saturated shunt products, 5.4 and 5.6. We also observed 
compound 5.8 which is likely a partially saturated aldehyde en route to the fully reduced shunt 
product based on retention time and mass spectra. Despite the fact that the alcohols dominate the 
ADH-mediated equilibrium, ISY was able to drive the system towards the reduced shunt product 
via irreversible reduction of the aldehyde. We speculate that depleted NAD(P)H reducing 
equivalents can then be replenished via alcohol oxidation by ADH. The ability of ISY to readily 
carry out synergistic, cascaded substrate reduction in conjunction with yeast alcohol 
dehydrogenases suggests that control of substrate oxidation and therefore cyclization must be 
strictly maintained by the C. roseus GOR, as seen in the in vitro assay. A similar in vitro enzymatic 
“cross talk” between ISY and a GOR homologue was described previously.49 Future studies into 
the mechanism of how GOR and ISY coordinate the timing of substrate oxidation and cyclization 
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may lead to new engineering strategies to improve biocatalytic selectivity. Finally, we attempted 
to recapitulate the in vivo biocatalytic selectivity in vitro by incubating 5.1 with equimolar GOR, 
ISY, and the five enzymes which were previously deleted (OYE2, OYE3, ARI1, ADH6, and 
ADH7). This assay was performed using 500 µM NAD+, 10 µM NADH, 2 µM NADP+, and 100 
µM NADPH in order to approximate physiological cofactor concentrations. After 1 hour, we 
observed complete conversion of 200 µM 8-hydroxygeraniol (5.1) to a cis-trans nepetalactol 5.3 
and 8-hydroxytetrahydrogeraniol (5.4) with a selectivity of 0.25 (Figure 5.3A, trace v), mirroring 
in vivo observations. 
 
5.4.7. Bioconversion-based Continuous Fed-batch Fermentation Establishes Platform 
Scalability and Yield 
In order to further evaluate iridoid production in the final engineered strain, S9, a lab-scale 
fermentation was performed (Figure 5.4). The fermentation process consisted of three phases: (i) 
glucose fermentation and biomass generation, (ii) ethanol respiration and pathway induction, and 
(iii) continuous 8-hydroxygeraniol addition and iridoid production. During the glucose 
fermentation phase, the OD600 increased rapidly with a specific growth rate of 0.35 hr-1. After 13 
hours, diauxic shift occurred, as indicated by a change in the agitation rate, and the specific growth 
rate decreased substantially to 0.05 hr-1 (Figure 5.4A). Upon addition of substrate, iridoid titer 
increased steadily, reaching a maximum of 45 mg/L after 42 hours (Figure 5.4B). A maximum 
molar productivity of 3.2 µmol L-1 h-1 was observed after 36 hours of fermentation. Plasmid 
retention decreased over time, from 97% at the start of the fermentation to 89% after two days of 
growth. 
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A OD600 during fermentation. B Iridoid titer 
during fermentation. 
 
Figure 5.4. Bioconversion-based continuous fed-batch fermentation establishes platform 
scalability and yield.  
 
5.5. Conclusion 
In this study, we characterized and engineered the biocatalytic selectivity of iridoid 5.3 
production in yeast. Bioconversion of the pathway intermediate 8-hydroxygeraniol (5.1) allowed 
for direct analysis of shunt product formation. Elimination of ‘ene’-reduction provided a clean 
background to study non-productive reduction by ISY. In vitro reconstitution of the two shunt 
pathways confirmed the distinct mechanisms of shunt product formation stemming from 
endogenous and exogenous reduction of α,β-unsaturated carbonyls. This critical insight enabled 
CRISPR/Cas9 mediated strain engineering which provided a 5.2-fold increase in the production 
of iridoid 5.3 relative to reduced shunt product 5.4. Our final strain was utilized for a lab-scale 
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bioconversion-based continuous fed-batch fermentation. The strain produced 45 mg/L iridoid from 
a synthetically accessible precursor, with a maximum molar productivity of 3.2 µmol L-1 h-1, which 
correspond to the highest reported titer and productivity to date.  
Our results highlight a striking example of enzymatic crosstalk between an exogenous 
pathway and endogenous metabolism and underscores a key challenge in engineering heterologous 
pathways in microbes. Many natural product biosyntheses evolved in the context of highly 
specialized cells that offer pathway compartmentalization and differential gene expression. 
Production of MIAs and other natural products in yeast will therefore rely on the continued 
development of tools for coordinated pathway induction50 and localized pathway expression.51 
Stepwise analysis around two critical steps in iridoid biosynthesis permitted a more complete 
understanding of the biochemical details surrounding shunt product formation, enabling rational 
metabolic engineering. Our results indicate the importance of understanding the biosynthetic and 
chemical logic that Nature employs to generate chemical diversity. Ultimately, developing a 
scalable platform for iridoid production sets the stage for future efforts to engineer yeast for MIA 
production.  
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5.6 Experimental Section 
5.6.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 
activated alumina columns). All commercially obtained reagents were used as received unless 
otherwise specified. Reaction temperatures were controlled using an IKAmag temperature 
modulator, and unless stated otherwise, reactions were performed at 23 °C. Thin-layer 
chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and 
visualized using anisaldehyde staining. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) 
was used for flash column chromatography.  
 
5.6.2 Synthesis of 8-Hydroxygeraniol 
 
Allylic alcohol 5.10. To a solution of selenium dioxide (0.68 g, 6.12 mmol, 0.4 equiv) in CH2Cl2 
(77 mL) was added tert-butyl hydroperoxide (5.5 M in decane, 8.6 mL, 47.5 mmol, 3.1 equiv). 
The solution was then cooled to 0 °C and geranyl acetate (5.9, 3.3 mL, 15.3 mmol, 1.0 equiv) was 
added. After stirring for 7 h at 0 °C, EtOAc (200 mL) was added and the reaction was transferred 
to a separatory funnel. The layers were separated and the organic layer was washed successively 
with deionized water (2 x 75 mL), saturated aqueous NaHCO3 (1 x 75 mL), deionized water (1 x 
50 mL), and brine (1 x 80 mL). The organic layer was dried over MgSO4, filtered, and concentrated 
under reduced pressure. The resulting crude oil was purified by flash chromatography (9:1 ® 1:1 
Me OAc
Me Me
5.9
SeO2 (0.4 equiv)
t-BuOOH (3.1 equiv)
CH2Cl2 (0.2 M), 0 °C
(61% yield)
OAc
Me Me
5.10
HO
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hexanes:EtOAc) to afford allylic alcohol 5.10 (1.99 g, 61% yield) as a light yellow oil. Allylic 
alcohol 5.10: Rf 0.44 (2:1 hexanes:EtOAc). Spectral data match those previously reported.24 
 
 
8-Hydroxygeraniol (5.1). To a solution of allylic alcohol 5.10 (1.99 g, 9.39 mmol, 1.0 equiv) in 
MeOH (60 mL) was added potassium hydroxide (1.56 g, 11.3 mmol, 1.2 equiv) as a solid in one 
portion. After stirring for 2.5 h at 23 °C, deionized water (40 mL) was added and the reaction was 
transferred to a separatory funnel. The layers were separated and the aqueous layer was extracted 
with Et2O (3 x 80 mL). The combined organic layers were washed successively with 0.5 M HCl 
(1 x 50 mL), saturated aqueous NaHCO3 (1 x 100 mL), brine (1 x 50 mL), and deionized water (1 
x 50 mL). The organic layers were then dried over MgSO4, filtered, and concentrated under 
reduced pressure. The resulting crude oil was purified by flash chromatography (1:1 
hexanes:EtOAc) to afford 8-hydroxygeraniol (5.1, 1.29 g, 81% yield) as a light yellow oil. 5.1: Rf 
0.14 (2:1 hexanes:EtOAc). Spectral data match those previously reported.24  
 
5.6.3 Bioengineering Details 
The details for construction of JHY651, primers used, SDS PAGE gels, NMR analysis of isolated 
compounds, and other supplemental tables and figures are reported in the literature.52 
  
K2CO3 (1.2 equiv)
MeOH (0.16 M), 23 °C
(81% yield)
OAc
Me Me
5.10
HO
OH
Me Me
5.1
HO
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5.7 Spectra Relevant to Chapter Five: 
 
Engineering the Biocatalytic Selectivity of Iridoid Production in Saccharomyces cerevisiae 
 
John M. Billingsley, Anthony B. DeNicola, Joyann S. Barber, Man-Cheng Tang,  
Joe Horecka, Angela Chu, Neil K. Garg, and Yi Tang. 
Metab. Eng. 2017, 44, 117–125. 
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Figure 5.5. 1H NMR (500 MHz, CDCl3) of compound 5.10.  
 
Figure 5.6. 1H NMR (500 MHz, CDCl3) of compound 5.1.  
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CHAPTER SIX 
 
Synthesis of 8-Hydroxygeraniol 
Francesca M. Ippoliti,† Joyann S. Barber,† Yi Tang, and Neil K. Garg. 
J. Org. Chem. 2018, 83, 11323–11326. 
 
6.1 Abstract 
An operationally simple protocol for the conversion of geranyl acetate to 8-
hydroxygeraniol is reported. The convenient two-step procedure relies on an efficient, chemo- and 
regioselective SeO2-promoted oxidation, followed by straightforward deacetylation. This facile 
means to prepare 8-hydroxygeraniol is expected to enable biosynthetic studies pertaining to 
thousands of monoterpene indole alkaloids. 
 
6.2 Introduction 
Monoterpene indole alkaloids (MIAs) have provided chemists and biologists with the 
inspiration to pursue countless scientific endeavors.1,2,3,4 To-date, over 3,000 MIAs have been 
discovered, many of which possess striking biological activity. Select examples of MIAs are the 
notorious poison strychnine (6.1) and the life-changing anticancer drug vinblastine (6.2), both of 
which are shown in Figure 6.1. All MIAs are prepared by Nature through a remarkable biosynthetic 
pathway, which has been under investigation for decades.1,5,6,7,8,9,10,11  
This Chapter focuses on 8-hydroxygeraniol (6.3, Figure 6.1), an early biosynthetic 
precursor to MIA’s. 8-Hydroxygeraniol (6.3) is made biosynthetically through a controlled 
enzymatic oxidation of geraniol6 before being elaborated to nepetalactol (6.4).12 Many further 
biosynthetic manipulations ultimately give rise to strictosidine (6.5), the last common biosynthetic 
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precursor to all MIAs. Given the relative simplicity of 6.3, compared to its successors in the 
biosynthetic pathway (e.g., 6.5), it has been used to enable several biosynthetic studies, including 
the biosynthesis of nepetalactol (6.4)13,14 and the biosynthesis of strictosidine (6.5).15 
 
 
Figure 6.1. Role of 8-hydroxygeraniol (6.3) in the biosynthesis of all monoterpene indole 
alkaloids, including strychnine (6.1) and vinblastine (6.2). 
 
6.3 Previous Approaches and Nomenclature Discussion 
Several synthetic approaches to 8-hydroxygeraniol (6.3) have been reported in the 
literature (Figure 6.2). The earliest reports appeared back-to-back in 1970, where multistep 
synthetic routes were developed beginning from either levulinaldehyde (6.6)16 or dehydrolinalool 
(6.7).17 An alternative strategy was reported by Williams and Lin, which involved 
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photocycloaddition of 6.8 and 6.9, with subsequent elaboration using a thermolysis / Cope 
rearrangement strategy.18 Perhaps the most direct approach relies on the use of geranyl acetate 
(6.10) as the starting material. In this regard, Kobayashi has reported a procedure for the C8-
oxidation of 6.10 using stoichiometric SeO2, which proceeds in low yields and with extensive over-
oxidation to the corresponding enal.19 Around the same time, Sharpless reported a similar protocol 
that relies on catalytic SeO2 and stoichiometric t-butyl hydroperoxide.20 This procedure, which has 
subsequently been repeated with similar results,21 leads to significant recovery of starting 
material20 with some minimization of the over-oxidation byproduct (i.e., 45% yield of the desired 
alcohol and 19% enal21). A promising biocatalytic approach to 8-hydroxygeraniol (6.3) using a 
cytochrome P450 has also been described,21 although it has yet to be rendered practical for material 
throughput. 
 
 
Figure 6.2. Various approaches to 8-hydroxygeraniol (6.3). 
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 One further point regarding 8-hydroxygeraniol (6.3) and its naming should be noted. 
Throughout the aforementioned literature and other sources, the compound is often referred to as 
“10-hydroxygeraniol” instead (Figure 3).6,7,12,13,16,17,18,19 We believe this is a simple nomenclature 
error that has propagated for many decades. Similarly, 8-oxogeranial (6.11), the biosynthetic 
successor to 8-hydroxygeraniol (6.3), has been referred to as “10-oxogeranial.”7,12,22 From a 
nomenclature standpoint, this is also incorrect. We suggest the chemical and biosynthetic 
community use the “8-” prefix going forward for 8-hydroxygeraniol (6.3) to minimize confusion, 
as this is consistent with IUPAC standards where “8” should reflect the longest carbon chain in the 
molecule, with C8 being the trans substituent on the alkene.23 Additionally, the “8-” prefix is 
accepted according to various enzymology resources.24,25 
 
 
Figure 6.3. Confusion surrounding the naming of 8-hydroxygeraniol (6.3) and its biosynthetic 
successor 8-oxogeranial (6.11). 
 
6.4 Synthesis Development 
With the aim of developing a practical procedure for the preparation of 8-hydroxygeraniol 
(6.3) to enable our biosynthetic studies,14 we opted to pursue the chemo- and regioselective allylic 
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oxidation of geranyl acetate (6.10), shown in Figure 6.2, as a starting point. Select results from our 
efforts to reproduce and optimize the catalytic SeO2 oxidation procedure are provided in Table 6.1. 
As shown in entries 1 and 2, the oxidation could be performed at 0 °C. After 5 h, significant 
amounts of unreacted geranyl acetate (6.10) remained (entry 1). However, longer reaction times at 
0 °C showed promise for increasing the conversion (entry 2). For the sake of developing a more 
convenient protocol that would not require cooling for extended periods of time, we attempted the 
oxidation at 23 °C. After 30 minutes or 1 h, significant recovery of unreacted substrate 6.10 was 
observed (entries 3 and 4, respectively). When the reaction was performed for 1.5 h, a more 
desirable ratio was obtained (entry 5), with the desired product 6.12 being formed in 61% yield. 
At longer reaction times of 5 h, substrate 6.10 could be fully consumed; however, competitive 
over-oxidation to enal 6.13 was observed (entry 6). Overall, entry 5 conditions were deemed ideal 
because of the convenience of the experimental protocol (23 °C, 1.5 h) and the optimal yield of 
6.12 obtained. 
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Table 6.1. Optimization of SeO2-promoted oxidation of 6.10.a 
 
a Ratios and yields were determined by 1H NMR analysis of the crude reaction 
mixtures (1,3,5-trimethoxybenzene was used as an external standard). 
 
With practical reaction conditions in hand for the efficient oxidation of geranyl acetate 
(6.10), we performed the preparation of 8-hydroxygeraniol (6.3) on 3 mmol scale, as shown in 
Figure 6.4. SeO2-promoted oxidation of 6.10 proceeded smoothly under our optimized conditions 
in just 1.5 h at 23 °C. This gave the desired C8-hydroxylated product 6.12 in 64% isolated yield. 
Subsequent treatment of 6.12 with K2CO3 in methanol at 23 °C smoothly delivered 8-
hydroxygeraniol (6.3) in 83% yield after flash column chromatography. This exceedingly simple 
protocol can be used to synthesize multi-mmol quantities of 6.3. 
 
Time Yield of 6.12aRatio of 6.10 : 6.12 : 6.13a
5 h 24%0 : 52 : 48
30 min 43%42 : 55 : 2
1 h 57%28 : 67 : 5
1.5 h 61%19 : 73 : 8
5 h0 °C 43%
7 h0 °C 57%
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11 : 82 : 7
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Figure 6.4. Preparation of 8-hydroxygeraniol (6.3) on 3 mmol scale. 
 
6.5 Conclusion 
In summary, we have developed a simple and convenient procedure to synthesize 8-
hydroxygeraniol (6.3). The procedure involves a regio- and chemoselective oxidation, followed 
by methanolysis. Both transformations are performed at ambient temperature and can be used to 
easily access multi-mmol quantities of 6.3. We expect this protocol will enable biosynthetic 
investigations pertaining to thousands of monoterpene indole alkaloids. 
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6.6 Experimental Section 
6.6.1 Materials and Methods 
Unless stated otherwise, reactions were conducted in flame-dried glassware under an 
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 
activated alumina columns). All commercially obtained reagents were used as received unless 
otherwise specified. Geranyl acetate (6.10) and potassium carbonate were purchased from Alfa 
Aesar. Selenium dioxide and tert-butyl hydroperoxide solution (~5.5 M in decane, over 4Å 
molecular sieves) were obtained from Sigma Aldrich. Reaction temperatures were controlled using 
an IKAmag temperature modulator, and unless stated otherwise, reactions were performed at 23 
°C. Thin-layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates 
(0.25 mm) and visualized using anisaldehyde staining. Silicycle Siliaflash P60 (particle size 0.040–
0.063 mm) was used for flash column chromatography. 1H-NMR spectra were recorded on Bruker 
spectrometers (at 500 MHz) and are reported relative to the residual solvent signal. Data for 1H-
NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz) 
and integration. 13C-NMR spectra were recorded on Bruker spectrometers (at 125 MHz) and are 
reported relative to the residual solvent signal. Data for 13C-NMR spectra are reported in terms of 
chemical shift. IR spectra were obtained on a Perkin-Elmer UATR Two FT-IR spectrometer and 
are reported in terms of frequency of absorption (cm–1). DART-MS spectra were collected on a 
Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a 
Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by Excalibur software 
v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CH2Cl2 as 
the solvent. Ionization was accomplished using UHP He (Airgas Inc.) plasma with no additional 
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ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 
Ion calibration solutions (Thermo Fisher Scientific). 
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6.6.2 Experimental Procedures 
 
Representative Procedure for Optimization of Oxidation (Table 1, entry 3 is used as an 
example). To a flame-dried 10-mL round bottom flask equipped with a magnetic stir bar and 
selenium dioxide (23.4 mg, 0.20 mmol, 0.4 equiv) under N2 was added CH2Cl2 (2.5 mL, 0.20 M), 
tert-butyl hydroperoxide (5.5 M in decane, 0.29 mL, 1.58 mmol, 3.1 equiv), and geranyl acetate 
(6.10, 109 µL, 0.509 mmol, 1.0 equiv). After stirring for 30 min at 23 °C, water (2 mL) and EtOAc 
(10 mL) were added, and the reaction was transferred to a separatory funnel. The layers were 
separated and the organic layer was washed successively with deionized water (2 x 5 mL), 
saturated aqueous NaHCO3 (1 x 5 mL), deionized water (1 x 5 mL), and brine (1 x 5 mL). The 
organic layer was dried over MgSO4, filtered, and concentrated under reduced pressure. To the 
resulting crude product, 1,3,5-trimethoxybenzene (28.3 mg, 0.33 equiv) was added as an external 
standard. The ratio and yields were determined by 1H NMR analysis. 
 
 
8-Hydroxygeranyl acetate (6.12): To a flame-dried 100-mL round bottom flask equipped with a 
magnetic stir bar and selenium dioxide (226 mg, 2.04 mmol, 0.4 equiv) under N2 was added 
CH2Cl2 (25 mL, 0.20 M), tert-butyl hydroperoxide (5.5 M in decane, 2.9 mL, 15.8 mmol, 3.1 
equiv), and geranyl acetate (6.10, 1.09 mL, 5.09 mmol, 1.0 equiv). After stirring for 1.5 h at 23 
°C, the reaction mixture was concentrated under reduced pressure. The crude oil was transferred 
to a separatory funnel with EtOAc (50 mL). The organic layer was washed successively with 
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deionized water (2 x 20 mL), saturated aqueous NaHCO3 (1 x 20 mL), deionized water (1 x 10 
mL), and brine (1 x 10 mL). The combined aqueous layers were back-extracted with EtOAc (1 x 
80 mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated under 
reduced pressure. The resulting crude oil was purified via flash chromatography (6:1 ® 2:1 
hexanes:EtOAc) to afford 8-hydroxygeranyl acetate (6.12, 688 mg, 64% yield) as a colorless oil. 
8-Hydroxygeranyl acetate (6.12): Rf 0.43 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 
5.39–5.31 (m, 2H), 4.58 (d, J = 7.1, 2H), 3.99 (s, 2H), 2.17 (dt, J = 7.4, 7.4, 2H), 2.11–2.07 (m, 
2H), 2.05 (s, 3H), 1.71 (s, 3H), 1.66 (s, 3H); 13C NMR (125 MHz, CDCl3): d 171.4, 141.9, 135.4, 
125.4, 118.8, 69.0, 61.6, 39.2, 25.8, 21.2, 16.5, 13.8; IR (film): 3424, 2919, 2860, 1736, 1671, 
1229 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C12H21O3+, 213.1485; found, 213.1478. Spectral 
data match those previously reported.14  
 
 
8-Hydroxygeraniol (6.3). A flame-dried 50-mL round bottom flask equipped with a magnetic stir 
bar was charged with 8-hydroxygeranyl acetate (6.12, 633 mg, 2.98 mmol, 1 equiv) and methanol 
(19 mL, 0.16 M). Potassium carbonate (495 mg, 3.58 mmol, 1.2 equiv) was added in one portion. 
After stirring at 23 °C for 2.5 h, the solvent was removed under reduced pressure, and the reaction 
mixture was transferred to a separatory funnel with deionized water (10 mL). The aqueous layer 
was extracted with diethyl ether (3 x 20 mL). The combined organic layers were washed 
successively with 0.5 M aqueous HCl (1 x 10 mL), saturated aqueous NaHCO3 (1 x 10 mL), brine 
(1 x 10 mL) and deionized water (1 x 10 mL). Next, the organic layers were dried over MgSO4, 
filtered, and concentrated under reduced pressure. The resulting crude oil was purified via flash 
OH
Me Me
HO
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MeOH, 23 °C
(83% yield)6.12
 366 
chromatography (1:1 hexanes:EtOAc) to afford 8-hydroxygeraniol (6.3, 490 mg, 83% yield) as a 
light yellow oil. 8-Hydroxygeraniol (6.3): Rf 0.18 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, 
CDCl3): d 5.41–5.34 (m, 2H), 4.14 (d, J = 6.9, 2H), 3.98 (s, 2H), 2.17 (dt, J= 7.5, 7.1, 2H), 2.09–
2.04 (m, 2H), 1.67 (s, 3H), 1.65 (s, 3H), 1.44 (br s, 2H); 13C NMR (125 MHz, CDCl3): d 139.1, 
135.3, 125.6, 123.9, 68.9, 59.4, 39.1, 25.8, 16.3, 13.8; IR (film): 3307, 2916, 2859, 1669, 999 cm-
1; HRMS-APCI (m/z) [M + H]+ calcd for C10H19O2+, 171.1380; found, 171.1375. Spectral data 
match those previously reported.14  
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6.7 Spectra Relevant to Chapter Six: 
 
Synthesis of 8-Hydroxygeraniol 
 
Francesca M. Ippoliti,† Joyann S. Barber,† Yi Tang, and Neil K. Garg. 
J. Org. Chem. 2018, 83, 11323–11326. 
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Figure 6.5. 1H NMR (500 MHz, CDCl3) of compound 6.12.  
 
Figure 6.6. 13C NMR (125 MHz, CDCl3) of compound 6.12.  
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Figure 6.7. 1H NMR (500 MHz, CDCl3) of compound 6.3. 
 
Figure 6.8. 13C NMR (125 MHz, CDCl3) of compound 6.3.  
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